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Abstract

The present work was performed to determine the changes in digestive physiology during parr-smolt transformation of
Black Sea salmon (Salmo labrax), reached smoltification size, fed in freshwater (RAS) and seawater conditions. The fish
was randomly placed in experimental tanks. The experimental was performed as triplicate, and lasted for 90 days. The
initial weights of fish were 18.53+0.07 g in freshwater and 18.57+0.02 g in seawater. The fish were fed by hand three
times a day up to apparent satiation. The test diet contained 46.20% of crude protein and 14.97% of crude lipid. After
transfer to seawater, the WG, SGR, FI and RGR in the first 30 days was in favor of fresh water, but no difference was
observed between the groups in the following days. FW, FCR and SR were found to be similar on all trial days. Whereas
thermal growth coefficient was higher in seawater. The villi length was higher in seawater, but muscularis thickness in
freshwater. In additional, goblet cell count and VL/WV were not differences in freshwater and seawater. The activity of
pepsin was higher in freshwater. While lipase enzyme was in favor of freshwater in the first 30 days transfer later, amylase
enzyme was in favor of freshwater on the 90th day. No difference was observed between the groups on the other days.
While trypsin enzyme was higher in freshwater on the 30th and 60th days, no difference on the 90th day. We can say
that after transfer to seawater would cause significant changes in intestinal histomorphology and some digestive enzyme
activity of Black Sea salmon.
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Introduction

Black Sea salmon (Sa/mo labrax) is an endemic species of
the Black Sea basin. Like other salmonids, it exhibits an
anadromous life cycle, with its natural distribution cover-
ing the Black Sea and the rivers draining into it, as well
as the Sea of Azov basin (Cakmak et al. 2025). The spe-
cies comprises three ecotypes: stream, sea, and lake forms.
Among these, the sea ecotype inhabits marine environments
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until reaching sexual maturity and subsequently migrates
to freshwater for reproduction, after which it returns to the
sea (Tabak et al. 2002; Cakmak et al. 2022). Sea ecotype
individuals exhibit two main migration patterns occurring
in spring and autumn. In spring, parr initiate smoltification
near river mouths and migrate toward the sea, while adults
migrate upstream for spawning. In autumn, a predominantly
unidirectional migration toward the sea occurs, including
post-spawning adults returning to marine habitats and smolt
individuals migrating to the sea for the first time (Tabak et
al. 2002). This migration period may continue until mid-
December for broodstock fish.

Due to its high economic value, attractive appearance,
and desirable taste, Black Sea salmon has gained increas-
ing importance in aquaculture in Tiirkiye (Tabak et al.
2002; Cakmak et al. 2022). The species is cultured using
three main production systems: stream-based, dam lake, and
marine systems. These systems involve different stages of
production ranging from egg to smolt (= 12 cm), portion size
(200-300 g), or larger market sizes (>600 g to >3000 g),
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depending on the production strategy (Ozel 2022). How-
ever, seawater conditions in the Black Sea are suitable for
cage culture only for approximately seven months per year,
from November (<18-20 °C) to June (>18-20 °C).

In the commercial production of anadromous species
such as Black Sea salmon, understanding the smoltification
stage and associated physiological changes is critical for
successful adaptation and growth performance. Premature
transfer to seawater prior to complete smolt development
may result in increased mortality and impaired growth due
to insufficient physiological adaptation.

In the present study, experimental conditions were
determined based on the available rearing systems of the
research infrastructure. Freshwater fish were maintained
in a recirculating aquaculture system (RAS) under stable
temperature conditions, whereas seawater groups were
reared in open-flow seawater tank systems where tempera-
ture naturally fluctuates. Therefore, temperature differences
between groups were not experimentally imposed but rather
reflected the inherent characteristics of the rearing systems
used. Accordingly, this study was conducted to monitor the
physiological changes during the smoltification process of
Black Sea salmon individuals, whose commercial interest is
increasing day by day.

Materials and Methods
Fish and Rearing Conditions

This study was used seventh filial generation (F7) of Black
Sea salmon (sea ecotype) as latest culture line produced
by Central Fisheries Research Institute in 2018-2019
breeding season. This study was conducted in two differ-
ent aquaculture conditions: The first, freshwater recircu-
lating aquaculture system (RAS) and the second, seawater
open flow system which has supplied from Black Sea had
a salinity 18%o. Fish were grown at RAS from hatchery to
smolt size. Subsequently, Fish were randomly placed in
400 L (100100 cm square with depths 40 cm) fiberglass
tanks. Experiment was carried out in triplicate. The num-
ber of fish is adjusted to 60 in each replicate, for a total of
360 fish. Fish had initial weights of 18.53+0.07 g (Body
length: 11.41+£0.01 cm) and 18.57+0.02 g (Body length:
11.46+0.01 c¢cm) in freshwater and seawater, respectively.
The study lasted for 90 days. The fish were fed by hand
three times a day up to apparent satiation. Feed size was
4 mm during the trial period. Water temperature, pH
(7.67£0.17) and oxygen (8.76+0.21 mg/L) were recorded
daily in RAS. Ammonia (0.09+0.07 mg/L) was measured
weekly. Water temperature was 14.62+0.97 °C in freshwa-
ter and 11.48+0.93 °C in seawater. Water change in trial
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tanks was 24 times in a day. Trial tanks were cleaned by
siphoning daily. Trial diet was presented in Table 1.

Fish Performance

For performance evaluation, fish were measured monthly.
For this, fish were starved for 24 h, slightly anesthetized
with benzocaine (50 ppm). Length measurement was per-
formed using Von-Bayer scale and weight was measured
using digital scales with an accuracy of 0.01 g (Holden and
Reitt 1974). Fish performance was determined using equa-
tions shown below.

Weight gain (WG) =
(final weight — initial weight)

Relative growth rate (RGR) : 100 x

[(final weight — initial weight) + weight)]

Table 1 Formulation and proximate composition of experimental diets
(%)

Ingredients %
Soybean meal 20
Fish meal' 31
Wheat gluten 6
Pea protein 12
Sunflower seed meal 7
Wheat flour 12.5
Fish oil® 11
Vitamin mix> 0.22
Mineral mix* 0.16
Vit C 0.12
Proximate composition

Dry matter 93.86
Crude protein 46.20
Crude lipid 14.97
Ash 9.38
NFE 17.71
ME (Mj kg ") 18.15

Gross Energy (Mj kg™ 21.07
LFish meal was a blends of Atlantic herring (Clupea harengus) and
European sprat (Sprattus sprattus) meals containing 10.7% of crude
lipid and 65.37% of crude protein

LFish oil was European anchovy (Engraulis encrasicolus) oil

3Supplied the following: retinol (Vit A) 0.6 mg, thiamine (Vit B1) 20
mg, riboflavin (Vit B2) 30 mg, niacin (Vit B3) 6 mg, calcium panto-
thenate (Vit BS) 50 mg, pyridoxine (Vit B6) 20 mg, biotin (Vit B7)
200 mg, folic acid (Vit B9) 0.5 mg, cobalamin (Vit B12) 0.05 mg, cho-
lecalciferol (Vit D3) 0.05 mg, tocopherol (Vit E) 200 mg, menadione
(Vit K3) 12 mg, inositol 300 mg

“Supplied the following: calcium iodate (Ca2IO6) 0.8 mg, cobalt
carbonate hexahydrate (CoCO3-6H20) 0.15 mg, copper sulfate
pentahydrate (CuO4S-5H20) 10 mg, ferric sulfate heptahydrate
(FeSO4-7H20) 50 mg, manganese (I1I) oxide (MnO) 50 mg, sodium
selenite (Na2SeO3) 0.15 mg, zinc oxide (ZnO) 50 mg
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Speci fic growth rate (SGR) = 100x
[(In final weight — In initial weight) + days]

Thermal growth coef ficient (TGC) = 100x
(fz'nal weight% — initial weight%>

=+ (day x temperature)

Feed conversion ratio (FCR) =

(feed intake =+ weight gain)

Survival rate (SR) = 100 x

[(final number of fish + initial number of fish]

Enzyme Analyses

The gastrointestinal tract tissue samples were taken in 45th
minutes post feeding and fixed using liquid nitrogen, homog-
enized in porcelain mortars, and centrifuged at 10,000 rpm
for 1 h at (+4 °C). The resulting supernatants were utilized
for subsequent analyses. To evaluate a-amylase enzyme
activity, the analytical method established by Metais and
Bieth (1968) was employed, using soluble starch as the
substrate. Measurements were conducted at a wavelength
of 540 nm for 5 min. For the assessment of trypsin enzyme
activity, the methodology utilized by Tseng et al. (1982)
was adopted, employing Na-Benzoyl-DL-arginine-p-
nitroanilide as the substrate. Spectrophotometric measure-
ments were performed at a wavelength of 253 nm over a
S-minute period. Pepsin enzyme activity was assessed using
a modified version of the analytical method established by
Worthington (1982), as adapted by Infante and Cahu (1994).
Bovine hemoglobin served as the substrate, and samples
were measured at a wavelength of 280 nm for a duration
of 5 min. Lipase enzyme activity was determined following
the protocol outlined by Versaw et al. (1989), with spectro-
photometric readings taken at 490 nm for 10 min. To inter-
pret the results, the enzyme activity values were normalized
to the protein concentration in the homogenate, which was
determined using the Bradford (1976) method.

Intestinal Histomorphology

Intestine tissue samples from middle intestine at the begin-
ning part near to pyloric caeca cut as 5 cm placed into 10%
formaldehyde solution for tissue fixation processing. After
fixation proses, tissuse samples were cut at 5 mm thickness
and inserted into tissue cassettes for dehydration. Dehydra-
tion was made with graded ethanol with 70% to 100%. After
dehydration, tissue samples were kept in xylene for 15 min

and polished. After polishing, tissue samples were embedded
in paraffin blocks in 3 stages for 3 h at 70 degrees Celsius.
Afterwards, the paraffin blocks were cut at a thickness of 5
microns with the help of a microtome and the tissue samples
were glued onto the slide. The paraffin was removed from
the tissues adhered on the slide with the help of xylene and
xylene was removed with the help of ethanol. Algian blue
PAS staining procedure was applied for staining the tissues
in according to manufacturer instructions. ZEISS Primostar
HD Light microscope attached with 5 mp axio cam ERC
5s digital microscope camera was used to illustrate tissue
samples and e measurements of the tissue samples.

Statistical Analyses

The statistical analyses were carried out SPSS 21.0 soft-
ware. Prior to analysis, data were tested for normality and
for homogeneity of variances. The effects of group, day, and
their interaction were analyzed using two-way ANOVA.
When significant differences were detected, Tukey’s HSD
post hoc test was used. Data are presented as mean+ SE, and
differences were considered significant at p <0.05.

Results

The growth performance is shown in Table 2. In the 30 days of
feeding, WG, SGR, FI, RGR and TGC in fish fed in seawater
had higher than those in freshwater. Hovewer, no differences in
terms of FW and FCR. In the 60 days of feeding, no differences
were observed in growth performance between freshwater and
seawater except for FI and TGC. The end of experimental,
growth parameters including FW, WG, FCR, SGR, RGR and
FI were not differences among groups. The TGC in fish fed in
seawater was higher than those of freshwater.

In the 30 and 60 days of the experiment, trypsin activity
in fish fed in freshwater had higher than those in seawater,
but not differences in 90 days. In all days of experimen-
tal, pepsin activity in the fish fed in freshwater had higher
than those in seawater. There was no difference in terms of
amylase activity among groups in the 30 and 60 days of the
experiment, whereas the higher amylase activity in fresh-
water in the 90 days of the experimental was determined. In
the 30 days of the experiment, lipase activity in fish fed in
freshwater had higher than those in seawater, but not differ-
ences in 60 and 90 day (Table 3).

Although there was no difference in intestinal villi length
among groups in the 30 days of the experiment, it was the
higher in seawater in the 60 and 90 days of the experimen-
tal. In all days of experimental, the number of goblet cells
in freshwater and seawater was found to be similar to each
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Table 2 Growth performance of fish kept in freshwater and seawater

Groups (G) FW WG FCR SGR SR FI RGR TGC
Freshwater  49.31+17.79 30.78+17.78 1.07+0.08  1.57+0.05* 96.11+1.67* 29.39+16.28" 166.16+95.86  0.11+0.01°
Seawater 47.85+16.24 28.97+1624 1.10+£0.12  1.48+0.09° 93.89+1.18" 27.77+16.58" 153.36+86.04  0.13+0.02°
Sig. NS NS NS * ok * NS ok

Days (D)

Day 30 29.33+0.67°  10.62+0.82°  1.02+0.08° 1.50+0.11  96.11+£2.28  10.23+0.93°  56.80+4.49¢ 0.11£0.01°
Day 60 48.16+2.07° 29.45+2.03° 1.05+0.06° 1.58+0.07 94.44+136  27.45+1.40°  157.44+10.77° 0.13+0.02°
Day 90 68.26+3.93*  49.56+4.02*> 1.19+0.07° 1.50+0.07 94.44+1.36  48.05+1.74*°  265.03+23.02* 0.13+0.01%
Interaction

GXD NS NS NS NS NS NS NS ok

*: p<0.05; **: p<0.01; ***: p<0.001; X: mean; S_: standard error; NS: not statistically significant (p>0.05); Means with different superscript
letters in a column are significantly different at p%0.05, values were given as means with standard errors. FI¥ (g) Final weight, FI (g) Feed

intake, FCR Feed conversion rate, WG (g) Weight gain, SGR (%) Specific growth rate, RGR (%) Relative growth rate, 7GC (%) Thermal growth
coefficient, SR (%) Survival rate. All fish were measured from each replicate

Table 3 Digestive enzyme activities of fish kept in freshwater and seawater

Groups (G) Pepsin Trypsin Amylase Lipase
Freshwater 39.17+15.51° 28.23+6.34 2.93+1.81 0.04+0.02
Seawater 54.25+15.95 29.94+4.62 3.39+1.44 0.04+0.01
Sig. ok NS NS NS

Days (D)

Day 30 42.35+7.49° 27.52+4.12° 2.38+1.07° 0.03+0.01
Day 60 45.44+29.52° 27.83+7.62° 3.08+2.14% 0.03+0.02
Day 90 52.33+2.54° 31.91+3.41° 4.03+1.16° 0.04+0.01
Interaction

*: p<0.05; **: p<0.01; ***: p<0.001; X: mean; S_: standard error; NS: not statistically significant (p>0.05); Means with different superscript
letters in a column are significantly different at p<0.05, values were given as means with standard errors. 6 fish were analyzed from each rep-

licate

Table 4 Intestinal histomorphology of fish kept in freshwater and seawater

Groups (G) VL VW ML VL/VW GC
Freshwater 285.78+69.68° 69.90+18.65 57.32+21.78" 8.58+2.62 44.88+16.98°
Seawater 356.76+103.36* 76.87+14.08 40.51+15.32° 9.32+2.46 35.71+15.74°
Days (D)

Day 30 257.21+64.22° 66.00+13.30 30.81+9.11° 8.03+2.32° 46.25+15.67*
Day 60 305.80+£84.37° 73.07+13.96 49.97+17.88° 8.63+2.80° 43.19+17.37%
Day 90 404.37+65.80% 81.57+19.66 69.97+17.88* 10.26+2.04° 31.44+14.54°
Interaction

*: p<0.05; **: p<0.01; ***: p<0.001; X: mean; S_: standard error; NS: not statistically significant (p>0.05); Means with different superscript
letters in a column are significantly different at p<0.05, values were given as means with standard errors. VL Villi length, VW Villi width, ML
Muscularis layer, GC Goblet cells. 6 fish were examined from each replicate

other. Intestinal villi width was not found difference in the

30 and 60 days of the experiment, but higher in seawater

in the 90 days of the experimental. In additionally, muscu-
laris layer was thicker in freshwater compared to seawater

(Table 4) (Fig. 1).
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Discussion

Growth infishis affected by various factors such as time, tem-
perature, photoperiod, body size, environmental conditions,

management practices, nutrition, and disease (Aunsmo et al.



Thalassas: An International Journal of Marine Sciences (2026) 42:184

Page50f 10 184

Fig. 1 The intestinal histology of fish kept in freshwater and seawater, (4x, H&E). A: Freshwater 30. day, B: Seawater 30. day, C: Freshwater 60.
day D: Seawater 60. day, E: Freshwater 90. Day, F: Seawater 90. Day. 6 fish were measured from each replicate

2014). Growth performance is commonly evaluated using
indices such as specific growth rate (SGR) and the thermal
growth coefficient (TGC). SGR generally decreases as fish
increase in size and is strongly influenced by water tempera-
ture. Growth rate typically increases with temperature up to
the species-specific optimum, after which it declines (Tho-
rarensen and Farrell 2011). TGC was developed to facilitate
growth comparisons across different thermal conditions by
incorporating cumulative thermal exposure and body size

into the calculation (Thorarensen and Farrell 2011; Crouse
et al. 2022). However, TGC is based on assumptions regard-
ing isometric growth and the relationship between tempera-
ture and growth, and these assumptions may not be fully
satisfied when environmental factors such as temperature
and salinity vary simultaneously. Therefore, its interpreta-
tion should be made with caution. The discrepancy between
TGC and SGR observed in the present study likely reflects
the mathematical properties of these indices rather than
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a true biological advantage. Because TGC incorporates
cumulative thermal exposure, fish achieving similar weight
gain under lower temperature conditions may exhibit higher
TGC values without necessarily demonstrating superior
growth efficiency. Accordingly, the higher TGC observed in
the seawater group should not be interpreted in isolation as
evidence of superior growth performance but rather consid-
ered together with SGR, final body weight, FCR, and the
other measured growth parameters.

Growth in fish is affected by various factors such as time,
temperature, light, body size, environment, management,
nutrition and disease (Aunsmo et al. 2014), and be esti-
mated using two important indexes such as SGR and TGC.
Of these, SGR tend to decrease as the fish gains weight, and
affected significantly by water temperature. SGR increases
until the temperature reaches the optimum requirement for
growth, beyond which it decreases (Thorarensen and Far-
rell 2011). The second is TGC, which is more useful and
flexible than SGR. It expresses growth rate in fish indepen-
dently of temperature and size (Thorarensen and Farrell
2011), and can be eleminated the effect on growth rate of
water temperature (Crouse et al. 2022). However, TGC is
based on assumptions regarding body growth and the rela-
tionship between temperature and growth, and therefore its
interpretation should be made cautiously when environmen-
tal variables such as temperature and salinity differ simulta-
neously. Furthermore, (Thorarensen and Farrell 2011) noted
that although TGC can be a model for predicting growth
performance in the long term, it can be variable in the short
term and may fluctuate seasonally. The difference between
TGC and SGR observed in the present study likely reflects
the mathematical properties of these indices. Because TGC
incorporates cumulative thermal exposure, fish achiev-
ing similar weight gain under lower temperature condi-
tions may exhibit higher TGC values without necessarily
demonstrating superior biological growth performance.
Therefore, TGC should be interpreted together with con-
ventional growth indices rather than in isolation. Our study
found that although the fish were reared in seawater at sub-
optimum temperatures, growth performance was similar to
that of those reared in freshwater conditions under optimum
temperatures. Although TGC was significantly higher in
seawater, other growth indicators including final weight,
SGR, FCR and weight gain did not differ between treat-
ments. Therefore, the higher TGC should be interpreted as
a temperature-adjusted growth response under the experi-
mental conditions rather than direct evidence of superior
growth performance in seawater. Because freshwater and
seawater groups were maintained under different tempera-
ture regimes, the observed TGC difference likely reflects
the combined influence of salinity and temperature rather
than salinity alone. Indeed, Crouse et al. (2022) reported
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that the general opinion is that growth in fish will increase
in parallel with the increase in water temperature. Araujo et
al. (2023) reported that growth in juvenile Chinook salmon
(Oncorhynchus tshawytscha) was better at temperatures
of 16 and 20 °C than at lower temperatures. Crouse et al.
(2022) found that FW, FI, FCR and SR of Atlantic salmon
(Salmo salar) at freshwater RAS were similar at 12 and
14 °C treatments, but TGC had higher value in the low tem-
perature (12 °C). Our finding obtained on TGC was simi-
lar to that of Crouse et al. (2022), stated that high TGC in
the low temperature provided a more biologically balanced
environment. Unlike our study, besides, Sonay and Bas¢imar
(2017) found that in the Brook trout (Salvelinus fontina-
lis) weighing approximately 1 g transferred to seawater in
monoculture environment, TGC was statistically similar to
freshwater at the end of 45 days. This may differ depend-
ing on factors such as season, temperature, adaptation, time
and fish size etc. Indeed, Kantserova et al. (2017) reported
that parr individuals resident at freshwater experience inde-
pendent but coordinated morphological, behavioral, physi-
ological, and biochemical transformations for survival and
growth in the seawater during smoltification or parr-smolt
transformation.

Black Sea salmon to be adapted to the Black Sea salin-
ity must be at least 12 cm in length and 15 g in weight.
The fact that the fish to be transferred to the sea water are
larger than the smolt size facilitates the adaptation (SUMAE
2010). Moreover, Black Sea trout bigger sized than 11.5 cm
length can be successfully adapted to Black Sea salinity
(Kurtoglu and Celikkale 2016). Brown trout has genetically
a high growth potential in seawater that can be maintained
up to 3 kg (Bonnet et al. 1999). This may be due largely to
the food chain, in addition to salinity. In previous study, van
Rihn et al. (2021) reported that poor growth performance
can be seen in commercial salmon culture in the early stages
of the seawater growth phase. Indeed, Jonsson et al. (2001)
reported that the limiting of nutrients on fish growth is less
in seawater than in freshwater. Growth performance in fish
may differ in marine cages or seawater-fed tank systems or
in freshwater RAS or freshwater-fed ponds. Kurtoglu and
Celikkale (2016) reported that SGR obtained in Black Sea
trout grown in freshwater and seawater was found to be high
in favor of the freshwater. We found that SGR were found
to be similar in both aquatic environments at the end of the
experiment. This may be due to temperature, trial period or
physical and chemical parameters of water resources. In our
study, during the first 60 days after transfer to seawater, a
temporary loss of appetite associated with early adaptation
stress was observed. This resulted in a temporary decrease
in feed intake. However, the return of feed intake to nor-
mal on day 90 indicates successful adaptation to seawater.
The unchanged growth and FCR suggest that the negative
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impact of the transfer process was minimal. In the 90th days,
furthermore, the gradual decrease in feed consumption and
its statistical equalization is also an indication that the fish
has completed its thermal adaptation. Indeed, Walde et al.
(2022) reported that at sea condition, the appetite and growth
of Atlantic salmon are greatly affected by temperature as
well as weight; growth decreases during winter and appe-
tite increases as day length increases, and growth increases
with increasing temperatures up to about 12—19 °C and then
decreases as temperature increases. Moreover, Kurtoglu and
Celikkale (2016) found that spesific growth rate in the first
generation Black Sea trout grown in freshwater and seawa-
ter was 1.03—1.47 and 1.06—1.08, respectively. In our study,
it varied between 1.55 and 1.58 in freshwater and 1.43-1.55
in seawater. The fact that our results are higher reveals that
the applied selectivity breeding programs make a positive
contribution to the improvement of the culture character-
istics of the species. Thodesen et al. (2001) reported that
growth in Atlantic salmon may be improved by selective
breeding.

Fish adopt various strategies to regulate their intrabody
fluids depending on water salinity, which may affect the
activity of digestive enzymes (Ciavoni et al. 2024a). The
enzyme activities in the gastrointestinal tract of fish var-
ies according to the different feeding habits of the species
(Mardones et al. 2018). For instance, the feed intake and
stomach fullness affect the secretion rate of trypsin, while
nutritional status of fish affects its activity rate (Sunde et
al. 2001). In our study, similarly, trypsin activity decreased
in parallel with the decreased feed consumption on the 30
and 60 days after Black Sea salmon were transferred to sea
water. Besides, neither changed on the 90 day. Between
1 +Atlantic salmon smolt adapted to seawater and fresh-
water-adapted fish, no significant differences were found in
proteoltic enzyme activity in the midgut (Usher et al. 1990)
and the spesific growth rate (Usher et al. 1991). Similar to
our study, Ciavoni et al. (2024b) reported that pepsin activ-
ity in the gastric decreased in Atlantic salmon smolts after
transfer to seawater. Decreased pepsin activity may occur
as a result of accumulated salt in fish body after exposure
to salinity due to low osmoregulation capacity of the gas-
tric (Pujante et al. 2018). It can also occur as a result of
a decrease in the amount of acid and pepsinogen secreted
from the gastric glands. However, since the decrease in the
pepsin enzyme does not affect growth, it can be considered
to be more of a physiological rearrangement than a func-
tional deficiency. Differences observed in digestive enzyme
activities during the adaptation process of salmonids to
salinity may vary depending on fish species, environmental
conditions, adaptation period, intestinal sections, and physi-
ological readiness of the fish before adaptation. In previous
study, Liu et al. (2017) found that the activities of pepsin

and amylase in the whole gut of juvenile American shad
(Alosa sapidissima) were not affected by salinity treatment
while lipase decreased significantly. In an additional study,
Ming et al. (2020) reported that the activities of amylase,
trypsin and lipase in intestine of rainbow trout subjected to 8
weeks of salinity adaptation decreased, while their activities
in the stomach followed a stable course. An additional con-
sideration is that digestive processes are strongly influenced
by water temperature. Lower temperatures generally slow
gastric emptying, intestinal transit, and the postprandial
secretion and activation of digestive enzymes. Because the
seawater group was maintained at a lower water temperature
than the freshwater group, identical post-feeding sampling
times may not have represented equivalent physiological
stages in the two groups. Consequently, the interpretation
of digestive enzyme activities, particularly where no sig-
nificant differences were detected, should be made with
caution, as the postprandial peak of enzyme activity may
have occurred later in the seawater group. Future studies
incorporating temperature-adjusted sampling schedules or
more comprehensive postprandial time-course analyses are
needed to determine whether digestive enzyme responses
differ between freshwater and seawater under comparable
physiological conditions.

The first part of the midgut section of teleost intestine is
the main place where nutrients are absorbed, and the folds
in this part increase the absorption area together with the
microvilli of the epithelial cells (Lokka et al. 2013). Intes-
tinal epithelium has osmoregulatory functions as well as
nutrient absorption (Khojasteh 2012). The intestine also has
important function for maintenance of water and ion bal-
ance. The rates of water drinking or ion and water absorp-
tion in intestine of fish in seawater are high (Sundell et al.
2003). In Atlantic salmon, the anterior and posterior sec-
tions of intestine exhibit various histomorphological trans-
formations during smoltification and seawater adaptation,
and have different functions in this process (Duarte et al.
2023). In our study, villus length increased on the 60 and
90th day after transferring to sea water, and villus width
increased on the 90th day, with no change on the other days
statistically. This shows that intestinal villi development
the resulting increased surface area in Black Sea salmon
were completely in favor of sea water on the 90th day after
transfer to seawater. In seawater condutions, the weaken-
ing of the muscularis layer is thought to occur as a result
of decreased intestinal peristaltic movements, while the
increase in villi length and width is thought to occur as a
result of the prolonged residence time of food in the intestine
due to decreased peristaltic movements. Besides, we found
that there was also no change in the number of goblet cells.
The fact that the number of goblet cells remains unchanged
despite the increased villus length and width during transfer
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to seawater may indicate that intestinal mucosal barrier
was preserved, mucus secretion remains balanced, that this
does not lead to pathological stress, and that a gradual and
functional physiological adaptation occurs when considered
together with villus development. Unlike our study, Bi et al.
(2021) reported that applying different levels of seawater to
juvenile golden trout (Oncorhynchus mykiss) weighing an
average of 60 g for 7 days, the number of goblet cells in the
middle of the intestinal villi increased. This contrast may be
due to size, species and residence time in seawater of fish or
villi development. Additionally, as smoltification progresses
and size increases in Atlantic salmon, changes in intesti-
nal histomorphology occur to gain tolerance to seawater
(Duarte et al. 2023). In our study, intestinal villi length and
muscularis thickness increased as fish weight increased in
both freshwater and seawater conditions.

A limitation of our study is that freshwater and seawa-
ter groups were exposed to different temperature regimes
in addition to salinity differences. Therefore, the observed
physiological responses cannot be attributed exclusively
to salinity, as temperature may also have contributed to the
observed effects. However, this reflects the inherent charac-
teristics of the rearing systems employed in the study and
should be considered when interpreting the results. Another
limitation of the present study is that fish were fed to appar-
ent satiation throughout the experimental period. It may
have allowed fish to compensate for differences in appetite
or digestive efficiency through voluntary adjustments in
feed intake.

Conclussion

The present results demonstrate that transfer of Black
Sea salmon to seawater after reaching smoltification size
induces marked changes in digestive physiology without
adversely affecting overall growth performance. Although
freshwater conditions were characterized by more stable and
near-optimal temperatures compared with seawater, growth
performance was generally comparable between fresh-
water and seawater groups. Although TGC was higher in
seawater, this result should be interpreted as a temperature-
adjusted growth response under the environmental condi-
tions of this study rather than definitive evidence of superior
growth performance in seawater. Reductions in trypsin and
lipase activities observed during the early phase of seawater
transfer likely reflect an acute adaptation response. Simi-
larly, decreased pepsin activity after transfer may be asso-
ciated with combined effects of salinity and temperature
changes. Enhanced intestinal villus development following
seawater adaptation indicates an increased absorptive sur-
face area and improved digestive capacity. Because salinity

@ Springer

and temperature differed between freshwater and seawa-
ter systems, the physiological responses observed in this
study should be interpreted as the combined effects of these
environmental factors rather than salinity alone. Overall,
the results indicate an early adaptation phase (0—30 days),
a transitional phase (30—60 days), and a stable adaptation
phase (60—90 days) following seawater transfer. These find-
ings suggest that Black Sea salmon can successfully adapt
to seawater conditions after reaching appropriate smolt
size. However, future studies using factorial experimental
designs that independently assess the effects of salinity and
temperature, as well as different smolt sizes, are required to
further elucidate the mechanisms underlying smoltification
and seawater adaptation.
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