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Abstract

This study evaluated the effects of a commercially produced, ready-to-use probiotic supple-
ment, dominated by lactic acid bacteria, on the growth performance and selected health
indicators of salmon (Salmo salar L.) fry, parr, and presmolts reared for restocking pur-
poses. The results indicated a stage-specific response to probiotic application. In salmon
fry, short-term immersion baths were associated with reduced juvenile mortality and im-
proved tolerance to fluctuations in temperature and dissolved oxygen. In parr, immersion
treatments were linked to improved growth performance, condition factor, and a lower
incidence of gill-cover necrosis compared to the Control group. In presmolts, short-term di-
etary supplementation with probiotics was associated with increased growth rates relative
to Controls. Probiotic application was associated with changes in bacterial isolates and, in
some groups, lower antimicrobial resistance (AMR) indices, particularly after 14 days of
immersion treatment. Probiotic supplementation was associated with improved growth
and increased tolerance to environmental stressors, indicating its potential to support fish
welfare and sustainable aquaculture.

Keywords: probiotics; lactic acid bacteria; immersion; Salmo salar L.; fry; parr; presmolts;
antimicrobial resistance; Baltic region

Key Contribution: This study indicates that lactic acid bacteria-dominated probiotics
may exert stage- and temperature-dependent effects in Baltic salmon juveniles reared
in flow-through systems for restocking purposes, including potential improvements in
growth, stress resilience, and reduction in gill necrosis. Notably, probiotic application was
associated with reduced diversity of opportunistic bacteria and antimicrobial resistance
patterns; however, these findings should be interpreted with caution. The results suggest
that probiotics could serve as a supportive preventive measure to help reduce reliance on
antibiotics in salmon hatcheries.

1. Introduction

Baltic salmon (Salmo salar L.) represent a geographically and genetically distinct
population of Atlantic salmon that has specifically adapted to the Baltic Sea environment [1].
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Baltic salmon is an apex predator in the Baltic Sea and one of the most valuable fish, serving
as the primary target species for fisheries. It plays an important role in regulating aquatic
food webs and maintaining ecological balance in the sea. Moreover, the estimated cultural
services of salmon nowadays exceed the economic value of commercial landings [2,3].

Currently, hatchery-reared salmon outnumber their wild counterparts across the
whole Baltic Sea, making the sustainability of hatchery practices critical. In 2022, altogether
approximately 3.7 million hatchery smolts were released in the Baltic Sea by Sweden,
Finland, Poland, Latvia, Lithuania, and Estonia, compared with just over 3 million wild-
origin smolts entering the sea from rivers, representing only 79% of the overall Potential
Smolt Production Capacity (PSPC) for the Baltic Sea [4].

In Latvia, salmonid reproduction and stock enhancements are managed by the Institute
of Food Safety, Animal Health and Environment (BIOR), where salmon juveniles have
historically been reared in natural river water under flow-through system (FTS) conditions,
where juveniles are exposed to natural daily and seasonal temperature, oxygen, and other
water parameter fluctuations, as well as to various pathogens. Rearing of salmon juveniles
for restocking purposes is becoming increasingly challenging under current climate change
conditions, as water temperature in FTS periodically exceeds the optimal range for salmon
rearing in summers. The most common health problem within salmon juveniles in FTS
is mortality and fin necrosis, periodically affecting up to 74% of fish, as well as bacterial
infections and treatment complications caused by antimicrobial resistance (AMR). Another
significant problem is gill cover reduction (16% prevalence), which, along with occasional
physical injuries, weakens fish resilience and lowers survival [5]. These circumstances
highlight the urgent need for alternative approaches to enhance juvenile immunity and
maintain fish health.

Historically, antibiotics administered via medicated feed have been used for therapy
against such pathogens as Aeromonas salmonicida and related bacteria [6]. However, rising
concerns about antimicrobial resistance (AMR), in conjunction with regulatory and societal
pressures, create a strong necessity to reduce the application of antibiotics and perform a
transition toward preventive, welfare-oriented health management [7].

Probiotics are live microorganisms that confer health benefits to the host when ade-
quately administered. They are successfully used in animal husbandry. In aquaculture,
probiotics have been approved with the goal to improve aquaculture organism growth,
facilitate more effective feed use, stabilize gut and skin mucosal microbiota, support modu-
lation of innate immunity, and reduce incidences of opportunistic bacterial diseases [8-10].
Their system-level effects are particularly relevant in recirculation systems, where bacteria
ensure operation of the biofilter and water quality in the system [11,12], but they may
also mitigate risks in FTS by outcompeting pathogens in interfaces. It is important to note
that probiotic performance can be dependent on temperature [13]; this is an aspect that
is increasingly consequential as warming trends and elevated water temperatures in FTS
promote biological processes and pathogen pressure.

FTS remains the standard approach for rearing salmon juveniles for restocking pur-
poses in Latvia, where hatcheries such as Pel¢i incubate eggs and fry in flow-through tanks
supplied with river water [14,15]. FTS uses water from rivers or other natural sources
and discharges it back to the environment, which offers operational simplicity and lower
capital requirements but has a higher dependence on natural conditions and incoming
weather [16].

Recent summer periods in Latvia have highlighted the impact of elevated water tem-
peratures on salmon reared in FTS. Water temperatures exceeding 18 °C are known to
induce physiological stress responses in Atlantic salmon, while prolonged exposure to tem-
perature above 20-22 °C may reduce feed intake and growth performance, impair welfare,
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and increase susceptibility to opportunistic bacterial infections. Elevated temperatures,
therefore, represent an increasing challenge for salmon production in northern European
hatcheries under changing climatic conditions [17]. Health monitoring data indicate that
fin necrosis has become a widespread salmon health problem. The highest prevalence of
necrosis has been observed on the dorsal and pectoral fins, while the caudal, ventral, and
anal fins are generally intact [5].

Under the combined pressures of climate change and rising AMR, maintenance of
the health and immunity of salmon juveniles has become one of the major challenges.
The fulfillment of the national salmon restocking plan has become increasingly difficult
because of disease-related mortality, especially in warm seasons when meteorological
summer extends through September. During prolonged warm periods, acute disease
outbreaks continue, requiring additional antibiotic treatments that often are unsuccessful [5].
Pathogen screening conducted in September 2023 in Latvian flow-through system (FTS)
hatcheries revealed multidrug resistance among bacterial isolates recovered from diseased
salmon juveniles, including Aeromonas salmonicida, A. eucrenophila, A. hydrophila, A. veronii,
and A. bestiarum, which showed resistance to streptomycin, tetracycline, enrofloxacin,
ampicillin, bacitracin, penicillin, gentamicin, kanamycin, lincomycin, trimethoprim, and
several other antibiotics. The emergence of such multidrug-resistant bacterial strains
may reduce the success of treatment and underscores the urgent necessity for alternative
solutions to strengthen salmon immunity and resistance to diseases [18].

In flow-through (FT) hatcheries of the Baltic region, including Latvia, rising water tem-
peratures linked to climate change are increasingly challenging for salmon rearing [19,20].
While probiotics have been studied more extensively in recirculating aquaculture sys-
tems [21], their application in hatcheries intended for salmon restocking purposes remains
only sparsely investigated. Nevertheless, existing scientific evidence suggests that pro-
biotics may help mitigate thermal stress by supporting fish intestinal barrier integrity,
enhancing antioxidant responses, and reducing inflammation [8,22,23].

The study aimed to evaluate the effects of a lactic acid bacteria-based probiotic, applied
via feed supplementation and water baths, on the growth performance and health of Baltic
salmon juveniles in flow-through rearing systems, with particular emphasis on its potential
to enhance fish resilience, reduce disease occurrence, and decrease reliance on antibiotic
treatments in sustainable aquaculture.

2. Materials and Methods
2.1. Flow-Through System (FTS)

All rearing trials were conducted in the flow-through rearing system of the Fish
Hatchery “Peléi” (FH), located in the Kurzeme region (Latvia) within the Venta River basin.
The hatchery is supplied with natural flow-through water from the Sprin¢upe River, a
tributary of the Venta River, which provides full exposure to natural daily and seasonal
fluctuations in water temperature, dissolved oxygen, and other environmental conditions.

2.2. Study Animals

Baltic salmon (Salmo salar L.) fry, parr, and presmolts of hatchery origin were used in
the trials. Fish were fed according to the fish age and weight, following the manufacturer’s
instructions (Aller Aqua A/S, Christiansfeld, Denmark.).

All procedures with fish were conducted in accordance with ethical principles and
applicable animal welfare regulations. After completion of the study, all fish were released
into the Venta River in accordance with the National Fish Resources Restocking Program.
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2.3. Probiotic Product

The probiotic additive was a commercially produced, ready-to-use product applied in
accordance with the manufacturer’s instructions. It contained 2.2 x 10 CFU mL ™! of viable
microorganisms [24]. Based on 165 rRNA gene sequencing, the microbial composition was
dominated by lactic acid bacteria (95% relative abundance), with the presence of spore-
forming Sporolactobacillus spp. (4.5%) and Weizmannia spp. (0.5%). The formulation also
included fermented herbal extracts, phyto-ferments, sugar cane molasses, natural minerals,
sea salt, and chlorine-free water.

2.4. Study Design

In all trials, fish were assigned to three regimes:

Control—fish were fed with feed without probiotics amendments;

ProbFeed—fish were fed with fish feed supplemented with probiotic suspension,
1mL kg™ !;

ProbBath—fish were fed with fish feed without probiotics and immersed in probiotic
supplemented water (15 mL m~3) for 15 min once every 3 days.

The experimental unit was the tank. Replication was defined at tank level: fry
trial—Control, n = 4 tanks; ProbFeed, n = 2 tanks; ProbBath, n = 2 tanks; parr trial—n = 2
tanks per treatment; presmolt trial—n = 2 tanks per treatment.

Fish were fed with a salmonid feed (Aller Aqua A/S, Denmark) according to the
manufacturer’s feeding recommendations, adjusted to fish size, water temperature, and
fish feeding activity. Feeding rates were regularly adjusted to minimize feed waste and
ensure uniform feed intake among tanks (Table 1).

Table 1. Proximate composition (% from dry matter) and energy content (MJ kg~ ') of the fish feed
used in fry, parr, and presmolt feeding trials.

l;r;i?:il:[i)sile:nl:igr Fry Trial/0.4 mm  Parr Trial/0.9-1.6 mm  Presmolt Trial/2 mm
Crude protein (%) 64 60-58 47
Crude fat (%) 12 15-17 25
NFE (%) 49 5.7-6.1 135
Ash (%) 12.1 12.6-12.2 7.1
Fiber (%) 1.0 0.7 1.4
P (%) 1.4 1.4 1.0
fo/ff f;‘_ef;gy 20.8 21.2-21.6 23.5
Dig?;f[i]blif;ﬁ‘frgy 19.6 19.7-20.0 212

Fish behavior in all tanks was monitored daily. The fish growth (weight and length),
Fulton condition factor, smoltification stage, fin and gill cover condition were assessed at
the beginning and end of every rearing trial.

Water temperature was checked three times per day, at 08:00, 14:00, and 20:00. Dis-
solved oxygen remained within optimal ranges throughout all rearing trial periods unless
indicated otherwise.
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2.4.1. Rearing Trials in FTS (Latvia)
Salmon Fry Trial (0+)

The fry trial was conducted from 1 to 31 May 2025. Eight tanks (1.8 m® each) were
used, with 10,000 fry stocked per tank. Two tanks were used as ProbFeed treatments,
two served as ProbBath, and four tanks as Controls. Initial fry weight was 0.15 £ 0.03 g.
Average water temperature was 12.9 & 2.57 °C, with a minimum of 8.0 °C on 11 May and a
maximum of 18.0 °C on 31 May. Temperature fluctuations reflected gradual temperature
rise, characteristic for Latvia in the late-spring period. Oxygen saturation remained optimal.

Post-trial monitoring of fry performance continued after end of the trial until the end
of July.

Parr Trial (0+)

The parr rearing trial took place from 1 to 14 August 2025. A total of 5000 parr were
stocked per tank (1.8 m? total volume; approximately 1.2 m3 of water per tank). Each
treatment (Control, ProbFeed, ProbBath) had two replicates. Initial mean parr weight was
2.37 £+ 0.33 g; mean length 2.53 £ 0.42 cm. Mean water temperature was 18.0 + 1.08 °C, with
fluctuations from 15.5 °C to 20.2 °C. In August, water temperature remained consistently
warm, a known condition for elevated metabolic activity and increased susceptibility to
infectious diseases.

Presmolt Trial (1+)

The presmolt trial was conducted from 2 to 16 September 2024. A total of 9000 one-
year-old presmolts (34.39 + 6.07 g) were distributed into six tanks (1.8 m3 total volume;
approximately 1.2 m> of water per tank), with 1500 individuals per tank. Treatment groups
(Control, ProbFeed, ProbBath) were used in duplicate. Mortality of presmolts was not
detected during the trial time. Mean water temperature was 16.16 £ 0.92 °C, with a
minimum of 14.9 °C and a maximum of 18.4 °C.

2.5. Salmon Growth and Health Assessment

Fish growth and health were assessed by body weight, length, Fulton’s condition
factor, smoltification stage, fin condition, and gill-cover condition. Assessments were
conducted at the beginning and end of each trial.

Each treatment (Control, ProbBath, and ProbFeed) was conducted in replicate tanks,
as specified in Sections Salmon Fry Trial (0+)-Presmolt Trial (1+). No significant differences
in weight, length, or condition factor were observed between fish groups in tanks subjected
to one treatment (p > 0.05). At least 50 fish per tank were randomly selected for biometric
measurements. Sampled fish represented subsamples of the respective tanks and were
used to characterize treatment-level responses.

Pseudoreplication resulting from repeated measurement of one and the same individ-
uals was avoided by temporarily isolation of the measured fish from the main stock during
the measurement procedure, ensuring that each fish was measured only once.

Fin necrosis was assessed for pectoral, abdominal, dorsal, anal, and caudal fins and
graded from 0 (no visible damage) to 3 (severe necrosis). Gill operculum necrosis was
recorded as present or absent for each individual fish.

After the specific health assessment was made, Fulton’s condition factor was calculated
using the following formula:

K =100 x W/L?

where
K = Fulton’s condition factor;
W = weight of the fish (in grams);
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L = length of the fish (in centimeters);
100 = scaling factor so that typical K values fall near 1.0 for many fish species [25].

2.6. Isolation and Identification of the Bacteria

Fish pathogen isolation and antimicrobial susceptibility testing were performed for
salmon parr (0+) in August and presmolts (1+) in September, during periods characterized
by elevated water temperatures and increased susceptibility to bacterial infections. Bacterial
isolates were obtained from pooled gill and skin mucus samples collected from at least
20 fish per tank.

Isolation of bacteria from fish samples was carried out using standardized methods
and laboratory protocols. Samples were directly inoculated onto both non-selective and
selective media, including blood agar, tryptone soy agar, MacConkey agar, and Cytophaga
agar, and incubated at 22 +- 2 °C for 44 &= 4 h.

Following the isolation of pure cultures, bacterial identification was performed using
matrix-assisted laser desorption/ionization time-of-flight mass spectrometry (MALDI-TOF MS).

2.7. Antimicrobial Susceptibility Testing

Antimicrobial susceptibility of bacterial isolates was determined using the standard-
ized disk diffusion method in accordance with Clinical and Laboratory Standards Institute
guidelines (CLSI VET04) [26]. Inhibition zone diameters were measured and interpreted
based on CLSI clinical breakpoints.

The antibiotic panels were selected based on their relevance to salmonid aquaculture
and current antimicrobial application practices. For parr (0+), susceptibility tests were
performed with the following antibiotics: amoxicillin/clavulanic acid, ampicillin, doxy-
cycline, enrofloxacin, erythromyecin, florfenicol, gentamicin, kanamycin, oxytetracycline,
spectinomycin, spiramycin, and trimethoprim-sulfamethoxazole. For presmolts (1+), tests
were performed with doxycycline, enrofloxacin, florfenicol, and oxytetracycline [26].

The Multiple Antibiotic Resistance (MAR) index was calculated for each isolate as
MAR = a/b, where “a” represents the number of antibiotics to which the isolate was re-
sistant and “b” the total number of antibiotics tested. MAR values > 0.2 are commonly
interpreted as indicative of exposure to environments with elevated antimicrobial contami-
nation risk.

2.8. Statistical Analysis

Normality of data was assessed using the Shapiro-Wilk test. After homogeneity of
variances and assumptions of normality were met, differences among treatments were
analyzed using one-way analysis of variance (ANOVA). When significant differences in
growth and health indices were detected, pairwise comparisons between groups were
performed using Student’s t-test, using thresholds « = 0.05, 0.01, 0.001. Linear regression
analysis was used to evaluate the relationship between water temperature and fry mortality.
Microsoft Excel Version 2512 Build 16.0.19530.20184 and R v4.5.2. (R Core Team, 2025) were
used for statistical analyses and visual representation of the data.

3. Results

3.1. Survival and Growth Performance of Baltic Salmon Fry (0+)
3.1.1. Fry Mortality During the Rearing Trial

At the beginning of the rearing trial, fry across all groups had similar initial body
weight (0.15 & 0.03 g). After the 31-day rearing period, clear differences in growth became
evident between groups. Fry in the Control group reached 0.86 £ 0.08 g, followed by
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0.76 &+ 0.04 g in ProbBath group, whereas fry in the ProbFeed group reached 0.64 & 0.04 g,
showing a significantly lower increase in body weight (p < 0.05) (Figure 1).

1
0.9

0.8
0.7
0.6
0.5 Day 1
0.4 ¥ Day 31
0.3
0.2
o1 I I I
0

Control ProbBath ProbFeed

Figure 1. Effect of probiotic treatments on body weight over 31 days. Mean weight (g) of fry in the
Control, ProbBath, and ProbFeed groups measured on Day 1 and Day 31. Bars represent mean values
and error bars indicate standard deviation (SD).

Weight (g)

Mortality varied substantially among groups. The Control group displayed moderate
mortality. The ProbBath group generally exhibited lower mortality, with only minor early
peaks and almost no losses after Day 15. In contrast, the ProbFeed group showed the
highest early mortality rates—reaching up to 80 =+ 70 fry/day until Day 15—followed by a
sharp mortality decline and stabilization toward the end of the trial (Figure 2).

™
=

=== Control

—_
N
=
_
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= ProbBath

=== ProbFeed

_
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Temperature, oC

Mortality, fry / day
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Figure 2. Daily mortality (vertical bars, mean 4 SD) of fry in the Control, ProbBath, and ProbFeed groups
during May 2025. The dotted curve reflects water temperature changes, plotted on secondary y-axis.

ANOVA confirmed significant fry mortality differences between treatments (p < 0.001),
and pairwise comparisons indicated that the ProbBath group significantly differed from
ProbFeed (p < 0.001) and from the Control group (p < 0.05).

3.1.2. Temperature-Related Mortality in Post-Fry Trial Period

Probiotic amendments were interrupted on 31 May, but fry continued to be monitored
until 24 July. In June, water temperatures ranged from 13.6 to 19.3 °C (mean 16.3 °C),
and mortality remained low across all groups, 4.7 + 3.5 fry/day in the Control group,
5.6 = 6.1 fry/day in the ProbFeed group, and 3.8 £ 2.9 fry/day in the ProbBath group.

In July, water temperatures continued to increase, fluctuating from 14 to 22 °C (mean
18 °C), approaching the upper thermal tolerance threshold for juvenile salmon. Warming
coincided with several early-morning episodes with critically low dissolved oxygen con-
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centration (~3.4 mg/L) at the beginning and middle of July. Under these stress conditions,
mortality patterns diverged substantially between treatments.

In the Control group, mortality became highly variable. The first pronounced peak
occurred on 1-5 July, reaching up to 99 fry/day, followed by a temporary decline. A second
series of mortality peaks were observed on 13-24 July, with losses ranging between 79 and
184 fry/day.

In contrast, fry that had previously received probiotics exhibited markedly higher
resilience to combined thermal and hypoxic conditions. In the ProbFeed group, daily
mortality remained consistently low—generally below 10 fry/day throughout July—with
only minor fluctuations and no major peaks. In the ProbBath group, mortality was also low,
with only moderate increases (20-31 fry/day) during 4-5 July and 17-20 July, however the
overall levels remained substantially lower than in the Control group.

Regression analyses confirmed treatment-specific responses to temperature, showing
that mortality in the Control group significantly increased with rising water temperature
(B = +0.0708; R? = 0.169; p < 9.42 x 10~°). Mortality in the ProbBath group showed no
significant or neutral association with temperature (B = —0.0394; R? = 0.0046; p = 0.537).
Conversely, the ProbFeed group showed a significant decrease in mortality with increasing
temperature (B = -0.0726; R? = 0.2335; p = 2.81 x 10~°), indicating greater physiological
resilience to rising water temperature (Figure 3).

100 © Control
AProbBath ¢
. 80 - 2 )
-] OProbleed
<
= =}
e 60
< o
P S
% 40 go n e
E e RE=02335 ° R*=0.1687 U
20 ceodnatgueneosesnt oo
- R=0.004¢) on o °a
28, 2 Qs ,,....Quun ....... E.“"-—%’“"“ DAE
0 L S e " " S SR EEY T N sty W
10 11 12 13 14 15 16 17 18 19 20 21

Temperature, °C

Figure 3. Relationship between water temperature and daily fry mortality in the Control, ProbBath,
and ProbFeed groups (1 May to 24 July). Dotted lines represent linear regression with determination
coefficients (R?).

3.2. Growth and Health Performance of Baltic Salmon Parr (0+)
3.2.1. Parr Growth Performance

At the beginning of the trial, all treatment groups had similar initial body weight
(2.37 £0.33 g) and length (2.53 £ 0.42 cm). After 14 rearing days, all groups showed
clear increases in both parameters, with significant differences among treatments in length
(p = 0.0078), weight (p < 0.001), and Fulton’s condition factor (p = 0.0029) (ANOVA). The
ProbBath group achieved the maximal growth, reaching 7.62 + 0.95 cm and 6.05 £ 1.92 g,
and exhibited the highest Fulton’s condition factor 1.47, as confirmed by t-tests (Figure 4).
The ProbFeed group showed moderate improvement, attaining 7.33 £ 0.84 cm and
5.09 + 1.83 g, with a condition factor of 1.25 similar to that of the Control. The Con-
trol group demonstrated the lowest performance, with final length 7.22 + 1.00 cm,
weight 4.73 £ 1.87 g, and a condition factor of 1.25 (Figure 4). All fish exhibited
age-appropriate smoltification.
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(a) Length (cm) (b) Weight (g) (¢) Fulton condition factor
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Figure 4. Comparison of (a) length (cm); (b) weight (g) and (c) Fulton’s condition factor (K) for
parr (0+) between the treatments ProbFeed, ProbBath, and Control. The box range corresponds to
the upper and lower quartiles, the horizontal line represents the median value and points indicate
individual values outside the interquartile range. Statistical significance markers: ns = not significant;
*=p<0.05* =p <0.01; ** = p <0.001.

3.2.2. Gill-Cover Necrosis

Both probiotic treatments resulted in a significantly reduced severity of gill-cover
necrosis compared with the Control group. Fish fed with probiotics showed the lowest
necrosis prevalence (34%), followed by the ProbBath group (38%), whereas the Control
group exhibited the highest proportion of affected fish (60%). The difference between the
two probiotic treatments (ProbBath vs. ProbFeed) was not statistically significant (p = 0.56),
indicating that both probiotic application methods were similarly effective in mitigating
gill tissue damage (£(198) = 3.17-3.80, p < 0.01). As shown in Figure 5, both probiotic groups
displayed substantially lower necrosis prevalence compared with the Control.

Gill cover cover necrosis prevalence (%)

80 *x

20 f )

60

(4]
o

Prevalence (%)
s
o

w
o

20

10

@ Control @ ProbBath @ ProbFeed

Figure 5. Occurrence of gill-cover necrosis in the ProbFeed, ProbBath, and Control treatments. The
prevalence of necrosis (%) is shown as bar plots for each group, with statistical significance indicated
above the bars. Star symbols indicate significance levels between groups: ns = not significant;
*%

= p<0.0L

Results also demonstrate that probiotic administration via baths enhanced parr (0+)
growth performance and body condition compared with the Control group, whereas
probiotic supplementation with feed was less efficient and did not produce improvements
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relative to Control across growth parameters. Both probiotic treatments showed a clear
reduction in gill necrosis prevalence compared with the Control group, confirming their
protective effect, as illustrated in Figure 5.

3.2.3. Bacterial Isolation and Antimicrobial Resistance (AMR)

Pathogenic and opportunistic bacteria were isolated from salmon parr (0+) on Day 1
from ProbBath and ProbFeed treatments, and not from the Control. Aeromonas bestiarum was
the predominant bacterial isolate identified (Table 2). Both probiotic treatments (ProbFeed
and ProbBath) yielded A. bestiarum in both samplings on Day 1 and Day 14. In the Control
group, A. bestiarum was detected only on Day 14, whereas Aeromonas veronii was detected
exclusively in the ProbFeed group on Day 14.

Table 2. Antibiotic susceptibility of pathogens isolated from different treatment groups with parr
(R—resistant, S—susceptible).

Day 1 Day 14

Antibiotic

Control ProbBath ProbFeed Control ProbBath ProbFeed

Pathogen isolate

" Aeromonas  Aeromonas  Aeromonas  Aeromonas  Aeromonas

bestiarum bestiarum bestiarum bestiarum veronii
Amoxicillin/Clavulanic acid - R R R S R
Ampicillin - R R R S R
Doxycycline - R S S S S
Enrofloxacin - S S S S S
Erythromycin - R S S S R
Florfenicol - S S S S S
Gentamicin - S S S S S
Kanamycin - S S S S S
Oxytetracycline - S S S S S
Spectinomycin - S S R S S
Spiramycin - R R R S R
Trimethoprim-sulfa methoxazole - S S S S S

Multiple Antibiotic Resistance MAR - 0.42 0.25 0.33 0.00 0.17

- *No pathogens were detected.

Tests for the susceptibility to antibiotics (Table 2) showed that all isolates were suscepti-
ble to enrofloxacin, florfenicol, gentamicin, kanamycin, oxytetracycline, and trimethoprim-
sulfamethoxazole. However, resistance was observed against 3-lactam antibiotics (amoxi-
cillin/clavulanic acid and ampicillin), macrolides (erythromycin, spiramycin), as well as
spectinomycin and doxycycline.

The Multiple Antibiotic Resistance (MAR) index on Day 1 was 0.42 (ProbBath) and 0.25
(ProbFeed) (Table 2). On Day 14 all isolates from the ProbBath treatment were fully suscep-
tible to all antibiotics (MAR = 0), while isolates from the Control and ProbFeed treatments
showed moderate resistance (MAR = 0.17-0.33), primarily to 3-lactams and macrolides.

3.3. Health and Growth Performance of Baltic Salmon Presmolts (1+) in FTS
3.3.1. Smolt Growth Performance

At the beginning of the rearing trial, the average presmolt weight was 34.48 + 6.42 g
and length 14.81 &+ 1.26 cm across all groups. After 14 days, growth responses differed
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clearly between treatments. In the Control group, weight increased by 4.28 g and length
by 0.72 cm. Fish in the ProbFeed group exhibited markedly pronounced growth; presmolt
weight increased by 10.94 g and length by 1.14 cm, approximately twice the increment
observed in the Control. The ProbBath group also showed enhanced growth, with weight
and length increases of 8.91 g and 1.15 cm, respectively (Figure 6).

(a) Length (c¢m) (b) Weight (g) (c) Fulton condition factor
70 P 2 %
1.
60 . ” L
55 o .
1.2
50 1 ﬁ
45 0.8 8
40 0.6
35 0.4
° 30 0.2
25 0
O Control B ProbBath B ProbFeed O Control M ProbBath M ProbFeed O Control B ProbBath B ProbFeed

Figure 6. Comparison of (a) length (cm), (b) weight (g) and (c) Fulton’s condition factor for presmolts
between treatments ProbFeed, ProbBath and Control. The box range corresponds to the upper and
lower quartiles; the horizontal line represents the median value and points indicate individual values
outside the interquartile range. Statistical significance markers: ns = not significant; * = p < 0.05;
** =p <0.01; ** =p < 0.001.

Fulton’s condition factor (Figure 6) was slightly higher in both probiotic treatments
compared with the Control. The ProbBath group showed a statistically significant improve-
ment relative to Control (p < 0.01), while the ProbFeed group did not differ significantly
from the Control (ns). Differences between ProbFeed and ProbBath were also statistically
significant (p < 0.05), indicating that probiotic baths improved presmolt body condition
more effectively than supplementation with feed (Figure 6).

3.3.2. Bacterial Identification and Antimicrobial Susceptibility Testing

At the beginning of trial pathogenic and opportunistic bacteria were isolated from all
treatment groups, revealing early-stage exposure of salmon presmolts to pathogens. Four
bacterial taxa were detected: Aeromonas salmonicida, A. veronii, Pseudomonas spp., and A.
bestiarum. The presence of multiple species indicates a heterogeneous bacterial background
typical for rearing environments in flow-through hatcheries.

Susceptibility to antibiotics on Day 1 revealed group-specific differences. In the
ProbFeed group, A. veronii, A. salmonicida, and Pseudomonas spp. showed resistance to
florfenicol and oxytetracycline, indicating a multidrug-resistant phenotype. A. veronii
isolated from the Control was additionally resistant to florfenicol alone. Importantly, no
resistant isolates were detected in the ProbBath group on Day 1, despite the presence of A.
salmonicida, A. bestiarum, and A. veronii, suggesting that probiotic bath treatments were not
exposed to antimicrobial-resistant bacteria at this early time point.

On Day 14, the bacterial composition of the recovered isolates had shifted substantially.
Each treatment yielded only a single identified bacterial species: A. bestiarum in both the
Control and ProbFeed groups, and A. salmonicida in the ProbBath group.

Notably, none of these isolates exhibited AMR, representing a complete disappearance
of resistance phenotypes observed on Day 1. This reduction was reflected in MAR index
values, which declined to 0.00 in all groups on Day 14, compared with initial values of
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0.00-0.50 on Day 1. The highest MAR value (0.50) belonged to ProbFeed isolates on Day 1,
confirming the presence of multidrug-resistant strains early in the exposure period.

Results demonstrate that pathogenic bacteria were present across treatments. AMR
was most pronounced in ProbFeed isolates on Day 1; however, it was no longer detected
in any group by Day 14 (Table 3). The data also show reduced variability of bacterial
isolates in the ProbBath group, suggesting a potential advantage of bath-applied probiotics
in limiting the diversity of opportunistic bacterial isolates.

Table 3. Susceptibility to antibiotics for bacteria isolated from Baltic salmon presmolts (1+) from
different treatment groups. (R—resistant, S—susceptible).

Day 1 Day 14
-= —_— el =
k] e 3 k]
Control ProbFeed ,% s _”a ,%
3 S & %
[~ =5 [~
g o¥

s . % f . & = s . = 3§ g

g 3 @ g 8 @ 8 3 =2 S B8
S 5§ £ § 8§ § § § § § § s
Antibiotics/pathogen isolates g S S g S § s B S B g 3
= : S S ; ) =S ., = = S
2 < F s < 3 “ . < ; <

< g < g < = <<

am ~

Doxycycline S S S S S S S S S S S S
Enrofloxacin S S S S S S S S S S S S
Florfenicol S R S R R R S S S S S S
Oxytetracycline S S S R R R S S S S S S
MAR 0 025 0 05 05 05 O 0 0 0 0 0

4. Discussion

Most of the current probiotic research on salmonid health has been conducted in
recirculating aquaculture systems, whereas information about FTS hatcheries, typical for
Latvia, remains limited. The present study suggests that probiotics composed of lactic acid
bacteria, Sporolactobacillus spp. and Weizmannia spp. may have beneficial effects on Baltic
salmon fry, parr, and presmolts. The results indicate that probiotic efficiency is strongly
influenced by fish developmental stage and water temperature.

In FTS, water temperature varies seasonally, ranging from near 0 °C in winter to above
20 °C in summer, creating challenging conditions for cold-water salmon juveniles. Under
cooler conditions in early May (12.0 & 2.3 °C), probiotic supplementation did not improve
fry survival, suggesting reduced probiotic activity at lower temperatures. At this stage,
dietary probiotics did not result in improved survival, whereas probiotic baths appeared
more suitable. In contrast, during the second half of May, when temperatures approached
and exceeded 15 °C, fry mortality decreased, and the positive effects of probiotics became
more evident.

During July, when water temperatures averaged around 18 °C and occasionally ex-
ceeded 20 °C, probiotic-fed fry showed increased tolerance to thermal stress and oxygen
deficiency. This can be associated with the functional properties of the probiotic commu-
nity, dominated by lactic acid bacteria (LAB), supported by Sporolactobacillus spp. and
Weizmannia spp. [27,28]. LAB are known to contribute to microbial balance and may help
limit opportunistic bacteria through competitive exclusion and metabolite production. In
addition, probiotics have been associated with improved mucosal protection and stimula-
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tion of innate immune responses, although these effects were not directly measured in the
present study [28,29].

Sporolactobacillus spp. are known for their persistence under adverse environmental
conditions due to spore formation, while Weizmannia spp. can contribute to digestive
processes and nutrient utilization [30,31]. The combined activity of these bacterial groups
may have supported improved resilience of fry during periods of elevated temperature,
although the underlying mechanisms remain to be confirmed [32]. The results also suggest
that probiotic effects become more pronounced under warmer conditions, likely due to
increased metabolic activity of probiotic bacteria at temperatures above 15 °C [33].

At the presmolt stage, probiotic application via feed and baths was associated with
improved growth performance. Fish receiving dietary probiotics showed the highest
weight gain and increased length compared to the Control groups, while bath-treated fish
also demonstrated notable improvements. These findings are consistent with previous
studies reporting enhanced nutrient utilization and growth in fish receiving LAB- and
Bacillus-based probiotics. The presmolt trial was conducted during a period of elevated
temperature, which is typically associated with increased metabolic activity and higher
susceptibility to pathogens. Under these conditions, improved growth in probiotic-treated
groups indicates a supportive effect of probiotics on fish condition [10,34-37].

Initial microbiological screening revealed the presence of opportunistic bacteria, in-
cluding Aeromonas salmonicida, A. veronii, and Pseudomonas spp., in both Control and
probiotic-treated fish, reflecting the natural microbial load in flow-through systems. Resis-
tant strains to several antibiotics were detected at the beginning of the trials, particularly
among Aeromonas spp., confirming the presence of antimicrobial-resistant bacteria in the
rearing environment.

During the experiment, shifts in bacterial composition were observed. Aeromonas
spp. remained the dominant genus throughout the study, while Pseudomonas spp. were
mainly detected at the initial sampling stage and were not consistently isolated at the trial
end. This likely indicates temporal variation in microbial communities rather than a direct
probiotic effect.

Following probiotic application, some changes in antimicrobial resistance patterns
were observed. In several cases, MAR index values decreased and fewer resistant isolates
were detected; however, these changes were not consistent across all groups, bacterial
species, or samplings. While certain Aeromonas isolates showed reduced resistance profiles
at later stages, this trend was not uniform and varied between treatments.

After 14 days, a reduced diversity of bacterial isolates was observed, and in the
analyzed samples no antimicrobial resistance was detected. However, this finding should
be interpreted cautiously, as it may also reflect natural microbial dynamics, environmental
conditions, and the limited number of isolates, rather than a direct effect of probiotic
application.

Overall, both probiotic delivery methods were associated with improved growth
performance at the presmolt stage, while potential effects on microbial composition and
antimicrobial resistance appeared to be variable. These findings highlight the strong
influence of environmental factors on probiotic efficiency in FTS.

It should be noted that the present study did not include direct assessment of immune
parameters, oxidative stress markers, or gut morphology. Therefore, the proposed mecha-
nisms of probiotic action should be considered hypothetical. Further studies incorporating
immunological and physiological analyses are required to better understand the pathways
underlying probiotic effects in salmon juveniles reared in flow-through systems.
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5. Conclusions

The findings indicate that the effectiveness of probiotics composed of lactic acid bacte-
ria, Sporolactobacillus spp. and Weizmannia spp. is influenced by water temperature and fish
developmental stage. Probiotic application strategies should therefore be adapted accord-
ingly. During the fry and parr stages, probiotic baths appeared to be more suitable, as they
improved survival without negatively affecting growth. In contrast, at the presmolt stage,
dietary probiotics provided the most pronounced growth benefits. Additionally, dietary
probiotics may contribute to improved resilience to thermal stress over time, although this
effect appears to depend on environmental conditions.

The results of rearing trials suggest that probiotic application, particularly via im-
mersion, may influence microbial dynamics in flow-through hatchery systems. However,
the effects on antimicrobial resistance patterns were variable and dependent on bacterial
species, antibiotics tested, and sampling time. While some reductions in the MAR index
were observed after probiotic application, these trends were not consistent across all groups.

Our findings are generally consistent with previous studies, including those conducted
by the Latvia University of Life Sciences and Technologies (LBTU) [38], suggesting that
probiotics may contribute to limiting the spread of certain opportunistic bacteria. Never-
theless, based on the present data, the impact of probiotics on antimicrobial resistance and
the prevalence of opportunistic bacteria and pathogens should be interpreted with caution.

Overall, the use of probiotics dominated by lactic acid bacteria shows potential as
a supportive management tool in flow-through systems, particularly for improving fish
performance under variable environmental conditions.

Consequently, to optimize probiotic effectiveness in flow-through hatcheries exposed
to natural thermal fluctuations, the timing and method of application should be aligned
with seasonal temperature dynamics and fish developmental stage.
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