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1. Introduction and objectives

Aquculture is the most dynamically developing sector of global food
production, playing a major role in sustainable protein production and reducing
fishing pressure on natural fiah populations (Boyd et al., 2022). There is an
increasing focus. ont he controlled breeding of endangered and economically
significant species, particularly those whose populations have declined
significantly doue to anthropogenic impacts and environmental changes (Elhetawy
etal., 2023).

The sturgeons (Acipenseridae) are of significant economic, biological and
ecological importance. Consequently, concerted global efforts are being made to
ensure the sustainable exploitation of their stocks. Concurrently, owing to their
heightened sensitivity during the early life stages of life, it is crucial to optimise
their rearing conditions.

The majority of populations of sturgeons have either disappeared or declined
to a critical point, therefore, breeding and conservation programs have been
initiated for the Russian sturgeons (Acipenser gueldenstaedtii) and sterlet (4.
ruthenus), among other species. The Russian sturgeon has become a strategically
improtant species primarily as a result of conservation breeding and reintroduction
programmes, while the sterlet has become important due to intensive aquaculture
and fishing activities. Nevertheless, the success of sturgeon farming is dependent
upon the refinement of environmental and technological parameters applied during
the developmental stages.

The objective of this study was to ascertain the impact of varying stocking
densities on the growth and survival rates of sterlet from hatching to the conclusion
of the weaning period. Furthermore, present study aimed to determine the effect of
gravel substrate as a form of environmental enrichment on the growth, survival,
and ultimately behavioural indicators of sterlet fry through the use of a maze
apparatuses with a particular emphasis in the examintaion of anxiety-like
behaviour and exploratory behaviour. The objective of the present study was to
determine the most optimal feeding strategy in terms of production and restocking
during the rearing of russian sturgeon larvae and fry. The startegy was to be
combined with the technique of environmental enrichment in the rearing units. The
present study also aimed to examine the effects of these factors on the production
and behavioural indicators of Russian sturgeon, through the use of a maze device.



2. Material and methods

2.1. The experimental fish

The live stock were used during the present study is obtained from artificial
propagation of the broodstock of the MATE Research Center for Fisheries and
Aquculture, Szarvas.

2.2. Examination of stocking density on the growth and survival of sterlet
larvae (A. ruthenus) — experimental system and experimental settings

The propagation of sterlet broodstocks (12 females, 12 males) took place in
April of 2020. The fertilized eggs were incubated at 16,6 +0,3 °C. After hatching,
fish (10,08 £ 1,5 mg and (9,53 £ 0,5 mm) were randomly chosen and transported to
the experimental system. The trial involved the examination of three distinct
stocking densities withhin a toal of six rearing tanks, each with a capacity of 250
litres and comprising two replicates. The experiment spanned a duration of 30
days. The selected rearing densities were: low stocking density was set at 5
larvae/liter, the medium and high stocking density were at 10 and 20 larvae/liter,
respectively. This resulted in 1250, 2500, and 5000 larvae being randomly
distributed within each rearing unit. During the sampling process (n =5; on days
post hatching 1, 8, 13, 23 and 30), the total body length and individual body weight
of 31 randomly selected larvae per tank were also determined. At the termination
of the experiment, the final body weight and body length were ascertained, along
with their coefficient of variation (CVsw, %; CVrL, %), the condition factor (K),
the survival rate (S, %), the mortality rate (%), the specific growth rate (SGR,
%/day), and the biomass yield (FBG, g/l). The dissolved oxygen saturation of the
water (101.1% + 1.22%) and the water temperature (18.1 = 0.4°C) were recorded
on a daily basis. The chemical water quality parameters - ammonium nitrogen (0.11
+ 0.02 mg/1), nitrite nitrogen (0.02 + 0.01 mg/1), nitrate nitrogen (2.79 + 1.99 mg/1)
content and pH (8.33 + 0.13) — were examined on a twice-weekly basis.

2.2.1. The feeding schedule of sterlet larvae

Under the given rearing conditions, the newly hatched sterlet larve fed
exlusively on endogenous sources for a period of approximately seven days. From
the 8™ day after hatching, freshly hatched Artemia sp. nauplius and finely chopped
frozen Chironomus sp. larvae were offered to the larvae in the amount of 100 % of
the total biomass. The larvae were offered eight times a day initially, and six times
a day until they reached 12 days of age. At day 13, a co-feeding regime was
initiated, comprising frozen Chironomus larvae and commercial feed (Aller Futura
Ex 0 gr, 0.3-0.6 mm and Aller Infa 0.4 mm). Concurrently, the proportion of natural
food was methodically reduced in favor of dry feed. The duration of co-feedong
period lasted 11 days (13—24 days post-hatching (DPH)). During the initial four
day of co-feeding period, the fish were provided with inert feed equivalent to 5 %
of their body weight, as well as 50 % Chironomus larvae. Thereafter, the quantity
of of dry feed was augmented to 10 % of body weight, whilst the the amount of
bloodworms was diminished 5 % per day. Commencing on the 17 DPH, a
mechanical feeder was utilised to deliver dry feed to the rearing tanks at 18-hour



feeding intervals (from 9 a.m. to 3 a.m.). From day 25 onwarsd, the fish were fed
exclusively on dry feed, with the quantity of feed corresponding to 7 % of their
body weight. The feeding interval remained unchanged at 18 hours.

One-way ANOVA was utilised to detect statistical differences. The conditions
for the analysis of variance were met for all the parameters that were examined.
Pearson’s correlation coefficient was performed to assess the relationship between
stocking density and the parameters of interest. In the case of significant significant
differences, Tukey’s post-hoc test was employed to further analysis.

2.3. Effect of environmental enrichment on the growth, survival and
behavioural parameters of sterlet — experimental system and experimental
settings

The trial was conducted in the spring of 2021. Five male and six female
broodstock were utilised for the purpose of reproduction. The fertilized eggs were
incubated at a water temperature of 16.3 £ 0.2 °C. Four aquariums were
specifically designed for experimental settings (100 cm x 40 cm x 40 cm; 150 liters
of volume). The photoperiod was maintained naturally throughout the experiment,
ensuring approximately 14 hours pf daylight and 10 hours of darkness (14 L:10D).
A seperate external filter with a capacity of 600 liter/hours was installed for each
aquarium. The free-swimming larvae were transferred tot he experimental
aquarium system for 23 day-period of pre-rearing. At the time of transfer, the
individual weight (10.74 + 1.0 mg) and total length (10.52 £ 0.4 mm) of 31
randomly selected larvae were measured. Two different rearing condition were
tested: a control environment without any sturctures (CTRL) and an enriched
environment (EE). The bottom of the EE tanks was covered with a 5 cm layer of
cleaned gravel (white gravel 8-16 mm diameter in size, SZAT P-4), while the
CTRL units provided a traditional aquaculture conditions without substrate. Each
group was replicated twice. During the pre-rearing stage, the sterlet larvae were
stocked at a density of 6.6 larvae/liter. The chemical water quality parameters were
the subject of two weekly tests. In the CTRL treatment, the levels of ammonium
nitrogen, nitrite nitrogen, and nitrate nitrogen were recorded as 0.41 + 0.4 mg/l,
0.12 £ 0.0 mg/l, and 2.95 + 0.9 mg/l, respectively. In the EE treatment, the levels
were recorded as 0.22 + 0.1 mg/1, 0.05 + 0.0 mg/l, and 2.43 + 0.7 mg/1, respectively.
The mean oxygen saturation levels were in the CTRL were 92.2 + 3.8% and 92.9
+ 3.6% in the EE treatments. The water temperature was recorded as 18.7 + 1.1
and 18.8 £ 1.1°C in the CTRL and EE groups, respectively, and the pH was
determined to be 8.1 £ 0.1 and 8.2 £ 0.1. In order to maintain water quality, three
partial water changes were performed on a daily basis, with 25 % of the total water
volume being replaced. The aquariums were cleaned twice a day. Furthermore, the
walls, external filter sponges and pipes were subjected to a twice-weekly cleaning
regime. The number of dead fish were counted and recorded.

Following the pre-rearing stage, on day 23 DPH, the stocks reared under
identical conditions were mixed, and 272 randomly selected fish were transferred
back to the appropriate experimental aquariums. The initial body weight in the
CTRL group was recorded as 0.08 = 0.0 g, and 0.07 = 0.0 g in the EE group, while
the total body length was measured at 27.4 + 0.9 mm (CTRL) and 25.8 £ 0.1 mm



(EE). The experiment continued for a further 44 days. During the trial, control
measurements were performed on five occasions (on days 23, 30, 37, 51, and 64)
to ascertain body weight and total body length. For the purpose of the
measurements, 31 fish were selected at random and anaesthetised in a 0.4 ml/l
aqueous solution of 2-phenoxyethanol prior to measurement. At the end of the trial,
the initial and final body weight and total body length of the fish were measured,
as well as their coefficient of variation (CVBWi-f, %; CVTLi-f, %). The initital
and final condition factor (Ki-f), mortality (%) and survival (%) rates, fish biomass
gain (FBG, g/1), specific growth rate (SGR, %/day), and cannibalism rate (%) were
also determined.

2.3.1. Description of feeding practices for sterlet reared in different conditions

During the pre-rearing period, the fish were fed Artemia and chopped
Chironomus larvae in quantities corresponding to 50-50 % of their body weight six
times a day until the 16™ day after hatching. Thererafter, the fry were fed
exclusively chopped Chironomus larvae at rate of 50 % of their biomass four times
daily. During the axperimental phase, on days 24-28 after hatching, the fish
continued to be fed frozen bloodworms in amount of 50 % of their body weight.
From day 29 until the conclusion of the experiemnt, two types of dry feed were
administered tot he fish: Larviva ProWean and Coppens Advance, while gradually
reducing the amount of frozen Chironomus to 10 %. The dry feed constituted 3%
of the total biomass, while the frozen mosquito larvae accounted for 10%.

2.3.2. Effect of environmental enrichment ont he behaviour of sterlet

2.3.2.1. Presentation of the maze and test protocol

The behavioural tests were carried-out in a 5 mm-thick, transparent plexiglass
cross-shaped maze. The structure comprised a square 40 x 40 cm start zone, which
functioned as an acclimatisation zone, and three smaller reward zones located at
the end of corridors. The corridors leading to the right and left zones (CB), two 8-
cm non-removable walls were placed challenging the fish to approach these reward
boxes. The walls of the maze was 10 cm height, 154 cm long and 114 cm wide at
its widest point. The maze was virtually divided into 10 compartments, facilitating
video analysis (Figure 1.).

Two different mazes were used: a bare maze without any structures added,—
Plain-maze test, at 84 DPH, and another one with small gravels (1-2 cm) on the
bottom,— Gravel-maze test, at 91 DPH. The tests were conducted over two
consecutive weeks. 13 fish were selected for each treatment in the behavioural
tests. The fish were placed in the start zone and allowed to explore the maze for
ten minutes. After the tests, the individual body weight were measured. All the
water were replaced between each session. All tests were video recorded. To induce
a searching behaviour, Chironomus larvae were spread all over the maze are of the
same location: three pieces in all boxes and one piece in the centre of each zone.
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Figure 1. The design and a size of the cross maze used for the Plain-maze test
and Gravel-maze tests on sterlet (4. ruthenus) fry (84 and 91 DPH), as well as the
number of compartments.

2.3.2.2. Presentation of the behavioural variables examined in the case of

sterlet fry

The ethological indicators of the fish were determined through visual
observation and coded as predefined behavioural variables. In order to assess the
level of ,,boldness” and ,,exploratory behaviour”, the number of visits to each zone
was measured, as was the time spent in each zone. The following variables were
examined: latency time to leave tje start zone (LES [s]), number of visits to
challenging zones on the left and right reward zones (CB), total number of visited
zones in ten minutes (TNVZ), stress-related swimming bahvaiors (,,unpredictable
movements” and ,,unusual swimming patterns”, S — stress [s]), and ,,time spent

immobile” (F — freezing [s]).

All statistical analyses were performed using the software ,,R” (R Development
Core Team, 2013). In instances of normal distribution and equal variances, a two-
sample t-test was employed to analyse the means of treatments under comparison.
Conversely, The Mann-Whitney nonparametric test was utilised. Chi-square
analysis and confidence interval (CI) overlap were performed where appropriate,
and differences were considered to be significant at the p < 0.05 level.



2.4. The effect of different feeding strategies on the growth, survival and
behaviour of Russian sturgeon — experimental system and experimental
settings

Induced reproduction of Russian sturgeon was performed in 2021 — Trial 1
(Ronyai et al., 2009) using two males and three females, and using two males and
two females in 2022 — Trial 2 (Ljubobratovi¢ et al., 2022). The egges were
incubated at a water temperature of 16.7 £ 0.3 °C (2021) and 15.6 £ 0.2 °C (2022).
On the first day after hatching (DPH), the larvae were transported tot he
experimental larval rearing system, which consisted of eight tanks with volume of
250 liters each. The photoperiod (16L:8D) was provided by LED lamps positioned
above each tank. The larval rearing system employed in both years was consistent,
with a stocking density of 2500 larvae per tank. The dissolved oxygen content and
temperature of the water were measured and recorded on a daily basis. The
chemical water quality parameters — ammonium nitrogen, nitrite nitrogen, nitrate
nitrogen, and total suspended solids — were measured twice a week in each tank
separately. During the course of the experiment, the tanks were subjected to a daily
cleaning procedures, and dead larvae was enumerated and noticed.

2.4.1. Experimental design and factors of interest in Trial 1

The fixed factors examined were: Artemia-enrichment (E/N; enriched or not
enriched), use of frozent Artemia (F/L; frozen or live nauplii), use of frozen
Chironomus (EChi/NChi; with or without Chironomus), and co-feeding (Co/W;
co-feeding from the onset of exogenous feeding or weaning one week later). The
experimental combinations in the Trial 1 were as follows:

1. Frozen, non-enriched Artemia, no Chironomus with weaning from 20 DPH (F-
N-NChi-W)

2. Live, enriched Artemia, no Chironomus with weaning from 20 DPH (L-E-NChi-
W)

3. Frozen, non-enriched Artemia, early Chironomus with Co-feeding method (F-
N-EChi-Co)

4. Frozen, enriched Artemia, no Chironomus with Co-feeding method (F-E-NChi-
Co)

5. Live, non-enriched Artemia, no Chironomus with Co-feeding method (L-N-
NChi-Co)

6. Frozen, enriched Artemia, early Chironomus with weaning from 20 DPH (F-E-
EChi-W)

7. Live, enriched Artemia, early Chironomus with Co-feeding method (L-E-EChi-
Co)

8. Live, non-enriched Artemia, early Chironomous with weaning from 20 DPH (L-
N-EChi-W)



The first feeding experiment lasted 36 days. The temperatures of the tanks were
maintained at 16.9 £ 0.05 °C. The feed combintaions corresponding to the
experimental setup was offered to the larvae ont he day following 11" after
hatching. Subsequently, the fish were fed six times manually in six equal portions
by live or frozen Artemia at a rate of 50% of the body weight of fish in groups fed
Artemia only; 25%-25% of the body weight of fish fed Artemia and Chironomus;
12.5%-12.5%-2.5% of the body weight of fish fed Artemia, Chironomus and starter
feed Coppens Advance and 25% -2,5% of the body weight of fish fed Artemia and
co-fed starter feed Coppens Advance until 20 DPH. The co-feeding diets were
offered from the onset of exogenous feeding in replacing 50 % of the natural food.
The amount of live and inert feed was adjusted to the actual biomass of the tanks
during the trial. The weaning was conducted between 20 and 23 DPH in groups
not receiving Chironomus. Within the weaning period, the amount of live and
frozen Artemia was gradually (33% daily) decreased while the quantity of inert
diet was increased to 7 % of fish biomass and introduced to the fish by the
automatic feeder for 15 hours a day. In groups fed Chironomus along with Artemia,
frozen Chironomus was applied a week more upon weaning.

2.4.2. Experimental design and factors of interest in Trial 2

The following factors were determined as fixed factors: Artemia-enrichment:
enriched (E) on non-enriched (N); use of Chironomus from the onset of exogenous
feeind at 11 DPH (early Chironomus — EChi) or one week later, from 19 DPH (late
Chironomus — LChi); time of weaning: early (19 DPH — W) or late (26 DPH —
LW); application of environmental enrichment: environmentally enriched (EE) or
bare (CTRL). Experimental combinations in Trial 2:

1. Enriched Artemia with early Chironomus and early weaning in the
conventional environment (E-EChi-W-CTRL)

2. Non-enriched Artemia with late Chironomus and late weaning in a gravel-
enriched environment (N-LChi-LW-EE)

3. Enriched Artemia with later Chironomus and early weaning in a gravel-
enriched environment (E-LChi-W-EE)

4. Enriched Artemia with early Chironomus and late weaning in a gravel-enriched
environment (E-EChi-LW-EE)

5. Non-enriched Artemia with early Chironomus and late weaning in the
conventional environment (N-EChi-LW-CTRL)

6. Enriched Artemia with later Chironomus and late weaning in the conventional
environment (E-LChi-LW-CTRL)

7. Non-enriched Artemia with later Chironomus and early weaning in the
conventional environment (N-LChi-W-CTRL)

8. Non-enriched Artemia early Chironomus and early weaning in a gravel-
enriched environment (N-EChi-W-EE).

The second feeding trial was conducted over a 40 days. Subsequently, the fish
were transferred to eight circular nursery rearing tanks, each with a volume of 1
m?>. A layer of small gravel (light gravel, 6-16 mm, SZAT P-4) was placed at the
bottom of the larval rearing tanks. The temperature of the tanks were maintained



at 16,9+ 0 °C until 67 DPH, and then gradually increased to 19,3 +0 °C prior to
the behavioural testing (73 DPH). From the commencement of exogenous feeding
(11 DPH), the larvae were provided with live, unenriched or enriched Artemia in
quantities corresponding to 50% of the fish body weight (LChi-group), or a
combination of Artemia and frozen Chironomus sp. in a 25-25% ratio (EChi-
group) between days 13 and 18 after hatching. As of day 18, the half of the life
food in the LChi groups was substituted with Chironomus, and the fish were fed
accordingly until the conclusion of the feeding period. The fish were fed five times
in equal portions. From the 19" day after hatching, gradual feed training was
initiated in half of the teratments (the ’early’ weaned group, W-group), which
entailed replacing 5% of the natural feed with commercial feed daily. Following a
period of seven days, the dry feed feeding ration reached 7% of the total biomass.
Thereafter, the fish were fed Coppens Advance and Start Premium diet using an
automatic feeder. The weaning was initiated one week later in the LW-group, on
26 DPH, in accordance with the same protocol applied in the W-goups. On the day
of 40, fish were transferred to 1 m> nursery system for a further one month of
rearing under traditional aquaculture conditions. The tanks werer equpped with
automatic feeders.

In both experiments, five control measurements were performed in the larval
rearing system and four additional control measurements were undertaken in the
nursery system in 2022. The total body length and body weight of 31 fish per
treatment were measured. The following zootechnical parameters were analysed
in both experiment: final body weight (BW¢, g), 36 DPH in 2021; 40 and 66 DPH
in 2022; final total body length (TLf, mm), 36 DPH in 2021; 40 and 66 DPH in
2022; coefficient of variaton of final body weight and length (CVswy, %; CVTLf,
%) 36 DPH in 2021; 40 and 66 DPH in 2022; final condition factor (Ky), (lasd
3.2.1. fejezet), 36 DPH in 2021; 40 and 66 DPH in 2022; mortality (%), 36 DPH
in 2021; 40 and 66 DPH in 2022; survival (%), 36 DPH in 2021; 40 and 66 DPH
in 2022; fish biomass gain (FBG, g/1), 40 and 66 DPH in 2022; specific growth
rate (SGR, %/map), 36 DPH in 2021; 40 and 66 DPH in 2022; cannibalism rate
(%), 36 DPH in 2021; 40 and 66 DPH in 2022.

2.4.2.1. The procedure of behavioural testing and the behavioural variables of
interest

The behavioural test were conducted in the same cross maze and utilised the
same test protocol as employed in my previous research with sterlet. Two different
maze types were used in the study: a bare maze devoid of physical structures
(Plain-maze test), and a maze with a bottom covered with small pebbles (1-2 cm)
(Gravel-maze test). Twenty-four hours prior tot he commencement of the test, five
fish (10,6£3,4 g, 72-84 DPH) were transported from each group to eight separate
aquariums in the bahvioural testing room for two consecutive weeks. The
experimental design involved the individual testing of 19 fish per treatment, with
each fish being tested only once. Chironomus sp. were placed in the same locations
of maze during the Plain-maze test. Fish individual body weight ere measured after
the testing. During the test period, the following behavioural variables were
recorded: food intake during the 10-minute test period (FI); latency time to leave



the start zone (LES); total number of visited zones (TNVZ); time spent freezing
(FT) (lasd 2.3.2.2. fejezet 'F’); stress-related swimming behaviour (S); number of
visits of start zone (VS); number of visits of challenge zones (VC) (lasd 2.3.2.2.
fejezet ’CB’); and distance travelled in the maze (DT).

In order to measure the distance travelled (DT) by individual fish, a unique
software called Aegear was developed. The software is capable of tracking fish
movements in visually complex aquatic environments (Ljubobratovi¢, 2023). In
contrast to existing tools sich as idtracker.ai, which rely on a uniform background
for accurate segmentation (Romero-Ferrero et al., 2019), Aegear is specifically
designed to operate on heterogenous surfaces such as gravel bottoms, where
background textures interfere with standard tracking algorithms.

The fractional factorial model comprised 8 (2*-1) factorial combinations
(Gunst et al., 2009). The experimental combinations were selected using the Planor
package available in the R software (Kobilinsky et al., 2012). The homogeneity of
variance were tested by Levene-test, then Tukey post-hoc tesztet or Kruskal-Wallis
test were performed. The primary effects and interactions were analysed in both
experiments usind analysis if variance (ANOVA) with a general linear model
(GLM). The model was based on type IV. fractional factorial design (2*-1) which
was implemented in SPSS Statistics software. The ranking of the combinations
was achieved through the calculation of a total score for each experimental setting,
the score being determined on an ordinal scale derived from the cumulative value
of the total z-values (El Kertaoui et al., 2019). At the conclusion of Trial 1 (36
DPH) and Trial 2 (66 DPH), five output variables were selected for the ultimate
ranking as indicators of culture performance: final body weight (BWrs); final total
length (TLy); coefficient of variation of final body weight (CVswr); coefficient of
variation of final total length (CVL¢); survival rate (%).

3. Results

3.1. The effect of stocking density on the growth and survival rate of sterlet

A single statistically significant difference was identified between the groups
in fish biomass gain (FBG) (ANOVA: F:,5=94.008; p=0.002; Figure 2). All
treatments involving hogher stocking densities resulted in significantly higher
FBG (ANOVA, Tukey post-hoc test; p<0.05). Pearson’s correlation analysis
revealed a highly significant correlation between FBG and stocking density
(r=0.98; p<0.001, Figure 2.), while no correlation was identified for the other
parameters examined (p>0.05, Table 1).



Fish biomass gain ¢
0,9

]

0,8

]

0,7

]

0,6

0.5
0,4 0
a v = 0,0406x - 0,0152
0.3 R2=098
0.2

0,1

ON®)

Biomass gain (g/1.)

OO

0 5 10 15 20 25
Stocking density (fish number/L)

Figure 2. Representation of fish biomass growth as a function of three different

stocking densities of sterlet at the end of the 30-day experiment. Significantly
different treatments (one-way ANOVA, p<0.05) are marked with different letters in the
superscript.

Table 1. Effect of three different stocking densities on growth and survival
(means £ SD) in 30 days post-hatch sterlet larvae.

Paramete Pearson’s R p-

r L M H érték értéek

BW; 91.7 + 95.3 + 96.1 +

(mg) 443 43.6 44.7 0.428 0.398

(COZ)BWf 70.0 +0.3 292 +0.0 58.6 0.2 -0.064 0.905

TL¢ (mm) 26.5 +3.6 26.9 £3.5 26.7 +3.8 0.088 0.869

CVris 147 +0.0 112 40.0 14.9 0.0 0215 0.682

%) . . 2 0. 9 +0. . .

K¢ 0.5 +0.1 0.5 +0.1 0.5 +0.1 0.777 0.690

Survival 51.0 +

%) log 51.8 3.5 47.6 £2.3 -0.296 0.569

FBG (g/l) 0.2 +0.0° 0.4 £0.0° 0.8 +0.1°¢ 0.990 0.000
0

(Sig){(/"/ 7.4 +03 7.5 0.1 7.5 £0.0 0.433 0.391

Significantly different treatments (one-way ANOVA, p<0.05) are marked with
different letters in the superscript. Relationship of each parameter with stocking
density described with Pearson correlation coefficient R and its respective p —

value. Abbreviations: BWy, final body weight; Ky, final condition factor; CVpws, coefficient of
variation in final body weight; CVrig; coefficient of variation in final tail length; FBG, fish biomass



gain; S, survival; SGR, specific growth rate; TL¢, final total length, L — low stocking density: 5
larvae/L; M - medium stocking density: 10 larvae/L; H — high stocking density: 20 larvae/L.

In accordance with the findings of the Tukey post-hoc test, the L groups showed
a tendency towards better growth during the first three weeks, however significant
differences visible only at the second sampling point (Figure 3). At the end of the
trial, no statistically significant differences (p>0.05) were observed between the
groups with respect to the stocking density.

Mean body weight
120
100 T
%
A
5 60 I -
= 40 b ab I
T T
20 "
0
1 8 13 23 30
DPH
L =M =H

Figure 3. Mean body weight of sterlet in three different stocking densities over a

30-day trial period. Significantly different treatments (one-way ANOVA, p<0.05) are marked
with different letters in the superscript. Abbreviations: L — low stocking density: 5 larvae/L; M -
medium stocking density: 10 larvae/L; H — high stocking density: 20 larvae/L.

An examination of daily mortality revealed that the highest peaks were
observed during the transition to exogenous feeding (9 DPH), and in the period
following weaning (27 DPH). The cumulative mortality of different feeding
periods showed a significant higher mortality appeared in the highest stocking
density group (H) (one-way ANOVA, F»,3=15,524; p=0,026; Pearson’s (r=0,95,
p=0,004; Table 2).



Table 2. Percentage of cumulative mortality (means + SD) for feeding phases at

three different stocking densities of sterlet larvae.

Feeding Pearson’s
phase DPH L M H R value p-value
en?oge_nous 1-7 236£22 | 0.82£0,5 | 0,98+02 | -0361 | 0482
eeding
exogenous 8-12 | 516£1,3% | 7,94£1,3* | 12,7713 | 0,95 0,004
feeding
weaning 13-23 [ 19,68+ 1,9 | 1624+ 12| 20,01+0,3 | 0,235 | 0,654
post- 2430 | 16,48+53 | 17,423 | 12,76£29 | -0,523 | 0,287
weaning

Significantly different treatments (one-way ANOVA, p<0.05) are marked with different letters in
the superscript. Abbreviations: L — low stocking density: 5 larvae/L; M - medium stocking density:
10 larvae/L; H — high stocking density: 20 larvae/L. Relationship of each parameter with stocking
density described with Pearson correlation coefficient R and its respective p —value. Abbreviations:
L — low stocking density: 5 larvae/L; M - medium stocking density: 10 larvae/L; H — high stocking
density: 20 larvae/L.

3.2. The effect of environmental enrichment on the production and
behavioural indicators of sterlet

3.2.1. The effect of environmental enrichment on the growth and survival of
sterlet

The body weigth of the fish was significantly lower in the environmentally
enriched (EE) group (Mann-Whitney non-parametric test; p<0.05). (Table 3;
Figure 4). A significant difference in the initial total body length TL; (27,4 + 0,9
mm vs. 25,8 =+ 0,1 mm; two-sample T-test; p<0,05) and a final total body length
TLfr (59,1 £ 5,9 mm vs. 47,2 £ 1,3 mm; Mann-Whitney non-parametric test;
p<0,05) was identified. A significant disparity was observed in the coefficient of
variation of final body weight (79,0 + 10% vs. 36,0 = 10%; CI: no overlap) with
the CTRL group demonstrating a higher value. Higher survival (72,2 + 2,9% vs.
89,2 + 1,8%; y>-test; p<0,001) and lower mortality rate (19,3 + 3,4% vs. 5,3 £
1,3%; Mann-Whitney non-parametric test; p<0,001) was found in the EE group
(Table 3). Altough the difference in the frequency of cannibalism did not reach
statistical significance (8,46 + 0,5% vs. 5,51 £ 0,5%; y>-teszt; p>0,05), there were
more potential cannibals in the conventionally reared (CTRL) group.



Table 3. Effect of environmental enrichment on zootechnical parameters in
juvenile sterlet Acipenser ruthenus during the experimental period (23-64 days
post-hatch, DPH) in bare (CTRL) and enriched (EE) environmental conditions.

Significant differences are marked with different letter in the superscript.

Control .
L Environmentally
Parameters Abbreviations group enriched group (EE)
(CTRL) iehed group
Initial bOdy weight BW1 (g) 0.08 0.0 b 0.07 £ 0.0 *
Coefficient of variation 0
i + +
of initial body weight CVewi (%) 30,0£2,1 21,944
Initial total bOdy length TL. (mm) 27.4+0.9 b 258 +0.1 *
Coefficient of variation
of initial total body CV1Li (%) 10,0 £0,0 7,0+ 0,0
length
. . b a
Final body weight BWs (g) 0,9+03 0,6 +0,1
Coefficient of variation 0 b a
of final body weight CVbwr (%) 56,5+7,3 44,9 £0,7
Final total body length TL¢ (mm) 59.1+5.9 ’ 472413 ’
Coefficient of variation 0
+ +
of final total body length CVie (%) 22,0£0,0 13,0£0,0
Initial condition factor K 0,4+0,0 0,4+0,0
Final condition factor K¢ 0,5+0,0 0,5+0,0
Fish biomass gain FBG (g/L) 1,0+ 0,4 0,8+0,2
Specific growth rate SGR (%/day) 82+1,1 74+0,7
. b a
Mortality (%) 19,3 +34 53+13
. 0 a b
Survival (%) 722+2,9 89,2+ 1,8
Cannibalism (%) 8,5+0,5 5,5+0,5
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Figure 4. Average body weight and exponential growth line of sterlet Acipenser
ruthenus larvae and juveniles reared in bare (CTRL) and enriched (EE)
environmental conditions during the pre-rearing (1-23 days post-hatching (DPH))

and experimental (23-64 DPH) periods. Significant differences occurred at every sampling
point except the initial.

3.2.2. The effect of environemntal enrichment ont he behaviour of sterlet

In the Plain-maze test, fish from EE group exhibited a significantly reduced
stress-related behaviour (165,2 + 144,1 s vs. 55,4 + 102,6 s; Mann-Whitney non-
parametric test; p<0,05). The CTRL fish visited the challenging zone significantly
less often than those from the EE group (0,8 + 1,1 vs. 3,2 + 3,4; Mann-Whitney
non-parametric test; p<0,05). The body weight of fish engaged in the Plain-maze
test was higher in the CTRL group (Mann-Whitney non-parametric test; p<0,05).
Likewise in the Plain-maze test, the stress-related swimming behaviour was
reduced in the Gravel-maze test, with a shorter periods observed in the group raised
in enriched conditions (275,8 = 197,4 s vs. 96,1 = 118,3 s; Mann-Whitney non-
parametric test; p<0,05). No significant differences were found for the other
variables examined (Table 4).

Table 4. Results of the Plain-maze test and Gravel-maze test performed on sterlet
(A. ruthenus) juveniles. Significant differences are marked with different letter in
the superscript.



Plain-maze test Gravel-maze test

Variable Environme Environm
(description) Control ntally Control entglly
group enriched group enriched
(CTRL) roup (EE) (CTRL) group
group (EE)
LES (s) —

latency time to 216,5+234, 105,578,

93,0+£107,7 49,5+60,2

leave the start 1 6
zone
FT (s) — time 14,14358 4724924 30,5+64,6 2,2+8,0

spent freezing

S (s) — stress-

rele.lted. 165,2+144, 55.44102,6° 275,8+197, 96,1+118,
swimming 1? 42 3b
behaviour

TNVZ — total

number of 37,2423,0 35,5+22,2 13,3+12,3 19,5+10,9

visited zones

CB — number of|
visits of 0,8+1,1* 3,243 ,4° 0,7+0,9 0,7+0,8
challenge zones

BW84,92 (g) -
body weight 84 7.743.1° 3.941.1° 10.1+4.4 7.4+1.5
and 92 DPH

Correlations between behavioural variables

Correlations among behavioural variables were examined separately for each
maze test type and treatment group. In fish exposed to a test environment differing
from their rearing conditions, several behavioural variables showed significant
interrelationships. During the Plain-maze test, CTRL fish that required more time
to emerge from the start zone (LES) explored fewer zones. Furthermore, the TNVZ
showed a positive correlations with body weight (rs=0,59; p<0,05). In the EE
group, fish tended to visit the challenge zones more frequently, as indicated by a
significant positive relationship between the TNVZ and the number of visits of
challenge zones. Similar tot he CTRL group, BW in EE fish positively correlated
with the TNVZ and negatively with freezing time. The TNVZ was also negatively
associated with both freezing time and stress-related swimming behaviour (S) (rs=
—0,59; p<0,05).

In the gravel maze test, body weight was negatively correlated with LES in
CTRL fish. Likewise, within the CTRL group, fish displaying more S, visited
fewer zones in total (rs= —0,660; p<0,05) ans spent more time in the start boksz.
Consistent with this, the TNVZ was negatively correlated with both freezing time



and LES. Among EE fish, BW was again positively correlated with the TNVZ (rs=
0,62; p<0,05).

3.3. Effect of different feeding strategies on the growth, survival, and
behaviour of Russian sturgeon

3.3.1. Effect of different feeding strategies on the growth and survival of
Russian sturgeon in 2021

The effect of different combinations on growth, survival and condition factor
are shown in Table 5. The findings of the general linear model, indicate that the
factor of time had a significant influence on mortality during the period of the
experiment. However, no statistically significant effect was detected on growth
parameters. The utilisation of frozen Artemia (F) and co-feeding (Co) exhibited
significant impacts on growth parameters onward, but yet did not affect mortality.
Furthermore, the early introduction of Chironomus and F exhibited a considerable
impact on growth parameters. Nevertheless, the F also had significant effect on
mortality over time. The body weight (BW) and total length (TL) were found to be
elevated in the EChi-group, while the use of frozen Artemia led to stunted growth
at all sampling points (Kruskal-Wallis-teszt, p<0,005). Moreover, the interaction
between co-feeding and time was not statistically significant, although it did
approach the significance threshold in terms of body weight development (GLM,
F(2,705=2.812; p=0,061), resulting in significant differences at every sampling time
(Kruskal-Wallis-teszt, p<0,05) (Figure 5). The findings demonstrated that the
mortality rate in group F exceeded that of the group fed live Artemia (L) at the
second sampling time (29 DPH, Kruskal-Wallis-teszt, p<0,05). Moreover, higher
mortality rate was observed in the Co-groups at the initial sampling point (19 DPH,
Kruskall-Wallis-teszt, p<0,05) in comparison to the W groups. The EChi factor
indicates a decrease in mortality, resulting in lower mortality values at the
beginning and the end of the trial in the gropus consuming Chironomus from
exogenous feeding (19 és 36 DPH, Kruskal-Wallis-teszt, p<0,05) (Figure 6).



Table 5. The results of the culture performance of Russian sturgeon after the larviculture phase (36 DPH) in 2021. The results are described as mean +

standard deviation. DPH, day post hatching.

Combinations/ Parameters Abbreviation 1 2 3 4 5 6 7 8
Artemia enrichment E + + + +
application of Chironomus EChi + + + +
frozen Artemia F + + + +
co-feeding Co + + + +
final body weight (g) at 36 BWi(@)36 | (67200 | 013201 | 009400 | 006£00 | 012200 | 0.10£00 | 0.124£0,0 |0,17=0.1
day post-hatching DPH
final total length (mm) at 36 | TLe(mm) 36 | ) 55, 51 | 3002439 | 2747243 | 2334223 | 2937£3.1 | 2740424 |2040+3,7| 3248+
day post-hatching DPH 3,9
coefficient of variation of o
final body weight (%) CVawr (%) 26,41 37,91 38,68 33,06 30,12 25,64 35,85 31,07
coefficient of variation of 0
final body length (%) CVrir (%) 8,37 13,05 15,73 9,75 10,59 8,60 12,58 11,85
condition factor at 36 day K36DPH | 049401 | 048+0,1 | 046+0,1 | 0,44+0,1 | 046+0,1 | 0,50+0,1 | 0,47+0,1 0,50+ 0,1
post-hatching
specific growth rate at 36 day | g5p 36 ppyy 3,71 5,41 4,42 3,06 5,10 4,71 5,18 6,13
post-hatching
mortality (%) Mortality s (%) | 89,50 74,82 90,88 93,85 79,11 74,55 74,79 64,81
survival (%) Survival (%) 5,85 19,05 8,92 2,94 17,02 24,51 21,77 30,52
cannibalism (%) Camz};’;‘hsm 5,76 6,84 1,29 4,40 4,87 1,85 4,46 5,44

0
standard value Z SCORE -0,89 0,21 4,44 3,89 1,54 2,94 0,18 4,76
total score ranking Total score 6 5 7 8 3 2 4 1

ranking
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Figure S. The alteration in growth of Russian sturgeon as a function of fixed

factors at sampling points in Trial 1. Significant differences are marked with an asterisk in

the superscript. Abbreviations: E, enriched Artemia; N, non-enriched Artemia; EChi, Chironomus

feeding from the onset of exogenous feeding; NChi, non-Chironomus; F, frozen Artemia; L, live
Artemia; Co, co-feeding; W, weaning.
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Figure 6. The alteration in mortality of Russian sturgeon as a function of fixed

factors at sampling points in Trial 1. Significant differences are marked with an asterisk in
the superscript. Abbreviations: E, enriched Artemia; N, non-enriched Artemia; EChi, Chironomus
feeding from the onset of exogenous feeding; NChi, non-Chironomus; F, frozen Artemia; L, live
Artemia; Co, co-feeding; W, weaning; BW, body weight; TL, total length.

3.3.2. The effect of different feeding strategy ont he growth and survival of
Russian sturgeon in 2022

The effects of different treatment combinations on growth, survival and
condition factor are shown in Table 6. The results of the GLM statistical analysis
indicate that time as a factor has a significant influence on BW and TL during
larviculture. However, the main effects themselves do not have significant effect
on growth and mortality rates. The introduction of Chironomus (early — EChi / late
— LChi) and the commencement date of weaning (early — W / late — LW) — as
primary factors — also exerted a significant influence on BW and TL values over
time, while the timing of weaning has a significant effect on mortality in addition
to growth indicators. From the onset of exogenous feeding, the BW and TL values
of EChi-groups were higher (on days 19, 26 and 39 after hatching (DPH); Kruskal-
Wallis test, p<0.005) compared to the group that consumed Chironomus one week
later (LChi). Meanwhile, the ’early’ fed group (W) exhibited lower BW compared
to the results of the later fed group (LW) (26 and 33 DPH, Kruskal-Wallis test,
p<0.005). However, this difference was no longer measurable at the conclusion of
the larviculture phase (39 DPH). Concurrently, there was an increase in mortality
rates in group W during the larval rearing phase (33 and 39 DPH; Kruskal-Wallis
teszt, p<0,05). In the EE group, a significantly lower mortality rate on day 33 was
recorded in comparison to the CTRL group (Kruskal-Wallis test, p<0,05), but no
effect of EE was detectable on body size.

Considering the entire experimental period — encompassing both larval and fry
rearing — the time factor persisted in exerting a considerable influence on growth



indicators. In addition to the timing of Chironomus introduction, EE also had a
significant effect on BW and TL. The early introduction of Chironomus from the
onset of exogenus feeding led to an increase in body size growth at the end of the
nursury phase (BW 60, 66 DPH, TL, 66 DPH;, Kruskal-Wallis test, p<0,05).
However the EE had negative effect on BW, causing differences at 46, 53 and 66
DPH, as well as on TL at 66 DPH (p<0,05). The timing of weaning had a significant
effect on the alteration of mortality throughout the entire rearing period. Lower
mortality occured in the W group at the beginning of the nursery phase (46 DPH,
Kruskal-Wallis test, p<0,05) (Figure 7, Figure 8).



Table 6a. The results of the culture performance of Russian sturgeon after the larviculture phase (40 and 66 DPH) in 2022. The results are described as

mean + standard deviation. DPH, day post hatching.

day post-hatching

Combinations/ Parameters Abbreviation 1 2 3 4 5 6 7 8

Artemia enrichment E + + + +

early Chi introduction EChi 4 . 4 N

(Chironomus larvae)

environmental enrichment EE + + + +

weaning (early) \\ + + + +

final body weight (g) at40 | BWrdODPH | 30, 65 | 020101 | 033202 | 0300, | 037£02 | 032+0,1 | 02701 | %38

day post-hatching (g) 0,2

final body weight (g) at66 | BWr66 DPH | ¢ 30, 50 | 3601018 | 405222 | 49321 | 559£25 | 513227 | 467+26 | 20T

day post-hatching (g) 2,9

final total length (cm) at 40 | TLe40DPH 15 b0, 6 | 340105 | 373208 | 376205 | 395:06 | 372205 | 34506 | 252F

day post-hatching (cm) 0,6

final total length (cm)at 66 | TL66 DPH | 1655, ¢ | 812416 | 846417 | 89715 | 952416 | 928421 | 80019 | 221

day post-hatching (cm) 2,1

coefficient of variation of

final body weight (%) at 40 CVBW(ij()) DPH 54,24 55,92 64,87 43,94 52,90 42,13 48,23 44,74

day post-hatching °

coefficient of variation of

final total length (%) at 40 CVTLE;O) DPH |46 60 15,88 21,49 14,17 15,68 14,68 1702 | 1628

day post-hatching °

coefficient of variation of

final body weight (%) at 66 CVBW@% DPH | 4435 49.43 54.24 41,60 44,92 5320 5552 | 53,63

day post-hatching °

coefficient of variation of

final total length (%) at 66 CVTLE(S6) DPH 17,72 19,47 20,29 17,13 17,26 23,11 21,19 22,24
0




Table 6b. The results of the culture performance of Russian sturgeon after the larviculture phase (40 and 66 DPH) in 2022. The results are described as

mean + standard deviation. DPH, day post hatching.

Combinations/ Parameters Abbreviation 1 2 3 4 5 6 7 8
Artemia enrichment E + + + +
earl}f Chi introduction EChi 4 . 4 N
(Chironomus larvae)
environmental enrichment EE + + + +
weaning (early) \% + + + +
condition factor at 66 day K66DPH | 058401 | 063401 | 0,61£0.1 | 06401 | 06201 | 059+01 | 062401 | 263%
post-hatching 0,1
condition factor at 40 day K40DPH | 0550, | 05201 | 0,56+0,1 | 0,53+0,1 | 055+0,1 | 0.62+03 | 061+0,1 | ¥03*
post-hatching 0,1
specific growthrate at 40 day | - q5p 40 ppy 733 6,59 7.57 731 7.84 7,51 7.07 7.89
post-hatching
specific growthrate at 66 day | gp 66 ppy 9,07 8,21 8,38 8,68 8,87 8,74 8,60 8,82
post-hatching
fish biomass gain at 40 day FBG 40 DPH 1,10 0,91 1,12 1,45 2,25 1,55 0,82 1,40
post-hatching
fish biomass gain at 66 day FBG 66 DPH 3.49 1,51 1,93 3,10 3,87 3,10 221 2,84
post-hatching

— -
ﬁi’?ﬁﬂg (%6) at 66 day post- | \+ 66 pE 04) | 61.82 76,12 61,62 60,47 60,63 61,17 61,59 63,72
survival (%) at 40 day SR 40 DPH (%) 44,44 50,36 40,84 57.33 69,19 55,94 38,12 43,91
survival (%) at 66 day SR 66 DPH (%) 25,27 19,55 22,20 29,00 31,92 27,94 21,99 24,29
cannibalism (%) Cannibalism (%)| 12,91 4,33 16,18 10,53 7.45 10,89 16,42 11,99
standallrd value at 66 day post- | Z SCORE 66 3.81 8,02 823 6.09 9.51 1,95 6.32 121
hatching DPH
global score-ranking at 66 day | Global score-
post-hatching ranking 66 DPH 3 / 8 2 ! 4 6 >
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Figure 7. The alteration in growth of Russian sturgeon (Acipenser

gueldenstaedtii) as a function of fixed factors at sampling points in Trial 2.
Significant differences are marked with an asterisk in the superscript. Abbreviations: E, enriched
Artemia; N, non-enriched Artemia; EChi, Chironomus feeding from the onset of exogenous
feeding; LChi, Chironomus feeding one week later; W, ‘early’ weaning; LW, late weaning; D, dry
feed; EE, environmental enrichment; CTRL, conventional environment; BW, body weight; TL,
total length.
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Figure 8. The alteration in mortality of Russian sturgeon (Acipenser

gueldenstaedtii) as a function of fixed factors at sampling points in Trial 2.
Significant differences are marked with an asterisk in the superscript. Abbreviations: E, enriched
Artemia; N, non-enriched Artemia; EChi, Chironomus feeding from the onset of exogenous
feeding; LChi, Chironomus feeding one week later; W, ‘early’ weaning; LW, late weaning; D, dry
feed; EE, environmental enrichment; CTRL, conventional environment; M, mortality.

3.3.3. Effect of different feeding strategies ont he behaviour of Russian
sturgeon in 2022

The fixed factors had no significant effect on feed intake during the Plain-maze
test, however the impact of EChi factors tended to show towards significance
(ANOVA/GLM, Kruskal-Wallis teszt, p=0,052) with higher feed intake in groups
consumed Chironomus one week later (LChi). The LES was significantly lower
(Kruskal-Wallis teszt, p<0,05), while the TNVZ were significantly higher (GLM,
Tukey post-hoc teszt, p<0,05) in EChi-groups during the Plain-maze test. This
disparity was not evident during the Gravel-maze test.

The fish reared in hatchery conditions took longer distance in the Plain-maze
compared to the EE fish (Kruskal-Wallis teszt, p<0,05) but not during the Gravel-
maze test. However, no significant differences were observed in the TNVZ values,
although it is considered a good proxy for activity. The freezing time and stress-
related swimming behaviour were not affected by the fix factors, altough the fish
from the W-group tended to show less time freezing (Kruskal-Wallis teszt,
p=0,052) than individuals from LW-group. Artemia enrichment (E) resulted in
significantly higher body weight in the groups consuming enriched Artemia, as
evidenced by the results of the Gravel-maze test. In both the the Plain-maze and
Gravel-maze tests, the number of returns tot he start zone (VS) was found to be
significantly correlated with the EChi fixed factor. Fish that were provided with
Chironomus from the exogenous feeding regime exhibited higher frequency of



return tot he initial. location compared to those in the other groups (Plain-maze
test: Kruskal-Wallis test, p<0,05; Gravel-maze test: GLM, Tukey post-hoc test,
p<0,05). The fixed factors did not have a significant effect on either the number of
visits to challenging zones (VC) or S (Figure 9).

. ° p=0052 10000 * p=0.004
10 : 9000 :
=) 8000
= 8 7 000
= E 6000
g © . ° 2 5000
g 4 o M Bare A 4000 B Bare
5 ® . 3000
5 o 2000 .
a e 1000
o . X . 0 -
LChi EChi CTRL EE
L * %
p=u. . p=0.
600 s 7 . 16 Gravel-maze
500 14 p=0017
-~ ° ] o 12 e o
; 400 ° b4 .\"’-, 10 B Bare
M 300 M Bare 8 .
— *
6 B Gravel
200 * B Gravel 4
100 ﬁ )
0 0 . .
LChi EChi LChi EChi
100 * * 55 * *
90 . =0.002
50 R p=0.015 20 o P
70
N 60 C/ARE] . .
50
E 0 Bl Bare E 10 B Bare
30 B Gravel B Gravel
20 5 L
10
0 0
LChi EChi N E
600
e
500 . . Bare-maze
L] _
400 . o p=0052
o - :
E 300 . H B Bare
L]
el L ]
200 . e B Gravel
100 : . ‘
Ll L
LW W

Figure 9. Diagram of behavioural indicators for Russian sturgeon at the

conclusion of Trial 2. Significant differences are marked with an asterisk in the superscript.
Abbreviations: E, enriched Artemia; N, non-enriched Artemia; EChi, Chironomus feeding from
the onset of exogenous feeding; LChi, Chironomus feeding one week later; W, ‘early’ weaning;
LW, late weaning; EE, environmental enrichment; CTRL, conventional environment; DT,
distance travelled; LES, latency time to emerge from start zone; VS, number of visits of the start
zone; TNVZ, total number of visited zones; BW, body weight; FT, time spent freezing; Bare,
bare/plain-maze test; Gravel, gravel-maze test.

4. Conclusions and recommendations

4.1. The effect of stocking density on growth and survival rate of sterlet

The findings of the experiment demonstrated that the distinct stocking densities
applied had no discernible impact ont he growth of the fry. It is evident that



elevated stocking densities can engender deleterious effects on water quality, as
well as the physiological condition and welfare of farmed animals. These effects
can be manifested in performance and behaviour. Numerous studies have indicated
that higher stocking densities may act as a chronic stressor over time (Ellis et al.,
2002; Montero et al., 1999), and result in a decline in growth rates as fish density
increases in sturgeon species (Mohseni et al., 2000; Mohler et al., 2000; Oprea &
Oprea, 2009; Ni et al., 2016; Naderi et al., 2017). In the present study, such an
adverse effect was only observed during the initial period of exogenous feeding
(Figure 3). However, later on, even at a stocking density of 20 larvae/liter, no
growth retardation was found. Consequently, this stocking density can be
considered appropriate for the initial rearing of sterlet larvae from hatching until
they reach an average body weight of 100 mg.

Stocking density may also influence larval viability or survival. In several
species, density did not limit the survival of yolcsac-stage larvae during the
endogenous feeding stage (Bauman et al., 2015; Mohseni et al., 2000), buta t the
beginning of exogenous feeding phase, the mortality rate increased in groups with
higher stocking densities (Mohseni et al., 2000). In the present study, a robust
correlation was found between density and mortality during this life stage,
particularly when comparing the highest and two lower density groups (Table 2).
This phenomenon may be explained by the reduction in available space, which can
lead to increased competition for food and aggressive behaviour (Mohler et al.,
2000; Mohseni et al., 2000; Oprea & Oprea, 2009).

At the end of the experiment, a decreasing mortality trend was observed in the
group initially showed weaker survival. This finding suggests that sterlet larvae
possess the capacity to adapt to more intensive farming conditions, similar to some
other fish species that can develope adaptive physiological responses even under
chronic stress (Pickering & Stewart, 1984; Ruane et al., 2002).

In the present study, higher stocking density was associated with greater
biomass growth. In the case of sterlet, higher densities may be justified in order to
increase biomass production. According to previous data, the stocking density of
sterlet larvae in practice usually ranges between 2.5 and 17 larvae/liter (Feledi &
Roényai, 2013b; Laczynska et al., 2020; Lundova et al., 2018; Rybnikar et al.,
2011), however, the present study suggests that, under the right conditions, even
higher densities can be safely applied. From the economic perspective, this can
also be adventageous, as it has the potential to enhance the capacity utilisation of
hatchery and rearing systems. Consequently, it can lead to an improvement in the
economic efficiency of production.

In summary, under the conditions studied, stocking density did not have a
detrimental effect on growth or survival, and a density of 20 larvae/liter can be
safely used for the innitial rearing of sterlet larvae until they reach an average body
weight of 100 mg. A significant avenue for future research could be the
investigation of the adaptability of sterlet larvae and fry to chronic stressors
encountered in intensive farming systems. Additionally, there is a need to explore
the long-term implications of these processes in relation to economic exploitation
and reintroduction for conservation objectives.



4.2. Effect of environmental enrichment (EE) on the growth and behaviour of
sterlet

The success of sturgeon restocking is primarily determined by the adaptability
of the fish, which can be significantly influenced by the stimulus-poor environment
of hatcheries (Camara-Ruiz et al., 2019). The comprehensive results obtained
demonstrate a close relationship between the growth performance of sturgeon and
the rearing environment. Fish exposed to spatial heterogeneity (EE-group)
exhibited a significantly lower body weight, yet comparable condition values tot
he control group (CTRL, low-stimulus rearing environment). This finding
indicates that the heterogenous envrionment may have impeded their feeding,
leading to an increase in swimming activity during the pre-rearing and
experimental periods. These results are consistent with those obtained in studies
conducted on other fish species (Braithwaite & Salvanes, 2005; Spence et al.,
2011), while in a study by Boucher et al. (2018), white sturgeon (4. transmontanus)
larvae raised on gravel substrate were significantly larger than their conventionally
reared counterparts. In the present study, the mortality rate was found to be
significantly lower in the EE-groups. This suggests that the gravel provided a
refuge for the fish, thereby preventing them from engaging in cannibalistic
behaviour during the experiment (Ndslund & Johnsson, 2016). However, the
response to physical environmental enrichment may be species specific in
sturgeons (Boucher et al., 2014; Carrera-Garcia et al., 2016).

Although anxiety-like swimming behaviour was observed in both groups
during the test, individuals in the EE-group demonstrated a reduced incidence of
unusual swimming patterns, including “unpredictable” and ”frustration-induced”
stereotypical movements (Mason et al., 2007). This is presumably the fact that
environmental enrichment has been shown to reduce stress responses, enhance
stress coping abilities, and stimulate exploratory behaviour (Fox et al., 2006; Alnes
et al., 2021). Such traits may be adventageous in the wild (Krause et al., 1998).

Fish raised in enriched environments visited the challenge zones more
frequently in the Plain-maze test. Exploratory behaviour can be enhanced by
physical enrichment, and concominantly, neophobia, fear of nnovelty or novelty
avoidance responses can be reduced (Brydges & Braithwaite, 2009; Tatemoto et
al., 2021; Gatto et al., 2022). Another explanation for the greater willingness to
explore a novel environment (such as a bare maze) is related to increased shelter
seeking behaviour (Braithwaite & Salvanes, 2005), which was not observed in a
heterogenous environment (Kynard et a., 2013). Conversely, the latency time to
leave the start zone, a frequently employed metric of boldness and exploratory
behaviour (Colchen et al., 2017; Alnes et al., 2021), exhibited no discernible
variation between the groups in any of the conducted tests. According to several
studies, latency time is a more significant indicator of an individual’s motivation
to engage in the test and explore novelty, as opposed to their boldness or
exploratory tendency (Bergendahl et al., 2016; Carbia & Brown, 2019).

In the present study, CTRL individuals that exited the start zone earlier
demonstrated a reduced tendency to engage in stress-related behaviours. The
precise motivation behind fish exploration of novel environments in context- and



species dependent, and consequently, frequently challenging to ascertain with
absolute certainty (Braithwaite & Salvanes, 2005; Roberts et al., 2011; Carbia &
Brown, 2019). It has been hypothesised that the implementation of an appropriate
EE strategy duriing the rearing period may have a beneficial effect ont he
development of risk-taking behaviour (Lee & Berejikian, 2008). Thus, the fish
from EE-group exhibit a greater propensity to explore new environments than their
conventionally reared counterparts, which may be advantageous during
reintroduction into natural waters.

In the Plain-maze test, CTRL individuals were significantly larger in body
weight compared to EE fish, however, this difference was not apparent in the
Gravel-maze test. In both tests and treatments, body weight exhibited a positive
correlation with the number of zone changes, which is a reliable indicator of
activity. According to Millot et al. (2009), larger fish may possess a more
adventurous personality and superior environmental adaptability in comparison to
hatchery offspring of wild-caught parents, a consequence of hatchery selection. In
our study, analogous patterns ware observed based on correlations within the two
maze tests and treatment groups. However, despite the fish in the EE group
exhibiting a significant decrease in size, there was no observed difference in their
activity levels when compared to the CTRL group. The finding of this study aare
consistent with those reported by Braithwaite and Salvanes (2005), who found that
fish raised in a heterogenous environment exhibited greater boldness than those
reaised in traditional environment. According to our findings, body size had a
greater effect on behaviour within treatments, while environmental enrichment
rather than body size influenced behaviour between treatments.

In summary, the results of this study suggest that exposing fish to a
heterogenous environment during the early stage of life may promote resilience to
stress and enhance exploratory behaviour. These traits may be vital for immediate
survival and long-term success in natural waters following release. The reduced
stress response, similar condition factor, improved survival and lower mortality
rates of fish from enriched rearing conditions provide evidence that the use of
appropriate environmetal enrichment can increase the overall welfare of sturgeon

fry.

4.3. The effect of combining different feeding strategies and environmental
enrichment on the zootechnical parameters and behaviour of Russian
sturgeon

The reduced distance travelled by fish raised in enriched environments, while
the number of zone changes remained similar, can be explained by the diminished
swimming speed of fish which is associated with heightened exploratory behaviour
(Pasquet et al., 2016). This may iindicate a reduced fear response or a higher sense
of safety (Amichaud et al., 2024). Increasing the physical heterogeneity of the
environment has been demonstrated to encourage natural behaviour and reduce
fear response in fish (Collymore et al., 2015; Brunet et al., 2022). The results from
behavioural testing show that an appropriate environmental enrichment strategy,
implemented at the optimal time can result in long-term impacts on fish rearing.



The body size of the Russian sturgeon was influenced by the heterogenous
rearing environment during the endogenous feeding and fry phase, but not during
the larval rearing phase. At the end of the endogenous feeding phase, the EE fish
has greater body weight and length; however, this was accompanied by higher
mortality rates in comparison to the groups reared without gravel substrate. The
increasing in size resulting from the EE combinations can be explained by greater
efficiency in the absorption of endogenous resources (Boucher et al., 2014).
However, the poor swimming ability of the fish may have impeded the movement
of the larvae in some individuals during this developmental phase, leading to
higher mortality in the EE group. The provision of EE has been shown to have a
positive effect on survival rate of fish from the onset of exogenous feeding. EE has
been demonstrated to mitigate aggression and stress in fish in the rearing unit,
thereby enhancing the capacity of animals to cope with stress and increasing the
survival rate of fish (Naslund & Johnsson, 2016; Arechavala-Lopez et al., 2022;
Zhang et al., 2024).

Subsequently, the impact of EE on growth manifested itself exclusively during
conventionally nursery phase (46-66 DPH). In the absence of gravel substrate,
smaller body sizes were observed in the EE combinations. The size disparity
observed during the rearing of juvenile fish may be attributable to the fish being
relocated from the heterogeneous environment to which they had become
accustomed during larval rearing. This event inevitably stressful for the fish, even
though their access to food was now unhindered in the new environment. It has
been previously reported hat the stress can have substantial effect on fish growth,
as it results in the reallocation of energy expenditure from growth processes to the
physiological processes of coping with stress (McCormick et al., 1998; Sadoul &
Vijayan, 2016). By the fifth week post-transport, the size difference had been
eliminated.

The effect of EE may vary depending ont he stage of life and the duration of
its application (Amichaud et al., 2024). In the present trial, the positive effect of
EE on growth could not be fully demonstrated due to the transition to conventional
hatchery conditions during the nursery phase. It is therefore recommended that
further research be conducted in order to explore the effects of long-term
environmental enrichment on the development and stress responses of Russian
sturgeon.

The use of frozen Artemia also had a detrimental effect on the growth and
survival rates of Russian sturgeon larvae and fry. This finding is consisted with
previous studies conducted on other sturgeon species (Mohler et al., 2000;
Valentine et al., 2017; Piotrowska et al., 2021), which may be due to the fish's
preference for actively moving prey (Efatpanah et al., 2024) and the fact that the
nutrient content of frozen Artemia had a negative effect on feeding efficiency
(Grabner et al., 1981; Sharma & Chakrabarti, 2009).

On the other hand, the present study was only able to demonstrate the effect of
consuming live Artemia enriched with essential fatty acids and vitamins in the long
term through the higher body weights of fish fed enriched Artemia (79—84 DPH,
p<0.005). A comparable outcome was witnessed in lake sturgeon (A. fulvescens)
(Yoon et al., 2022). It is well established that early nutrition can have a significant



impact on later nutrient metabolism (Hales & Barker, 1992; Gluckman & Hanson,
2004), and it can be assumed that the critical window for intestinal development in
fish coincides with the onset of exogenous feeding. The availability of fatty acids
can have a long-term effect on metabolism, growth and the developoment of
nervous system (Sargent et al., 1999a, 1999b; Kabaran & Besler, 2015). This, in
turn, can indirectly impact digestive functions by contributing tot he development
of the digestive nervous system (Heuckeroth & Schéfer, 2016). In contrast to our
findings, previous research has reported that enriched Artemia has been shown to
have a beneficial effect on the short-term growth of other sturgeon species Jalali et
al., 2008; Hafezieh et al., 2009; Kamaszewski et al., 2014a). Consequently,
Artemia enrichment is recommended, given its documented, long-term positive
effect on the growth of Russian sturgeon, while the use its frozen form should be
omitted.

The results of the present study suggest that fish consuming Chironomus from the
initiation of feeding (EChi) were more motivated to explore the novel environment,
but less interested in food. It is widely accepted that decline in food intake is a
characteristic behavioural response of fish to stress (Schreck et al., 1997; Bonga,
1997). However, the results of the experiment suggest that EChi fish probably
devoted their energy to exploration rather than feeding during the test. The role of
exploratory behaviour may extend beyond the pursuit of food; it may also be driven
by curiosity, the search for an escape route, or the need to find a familiar
environment (Suarez & Gallup, 1985). This behaviour has been observed to be
self-reinforcing by several authors, as it engenders understanding of the
predictability of the environment and the development of a sense of control over it
(Westerath et al., 2009). This may offer a potential explanation for the repeated
return of fish to the acclimatisation zone, which could have provided them with a
sense of safety and /or control over the environment. This, in consequence, may
have induced a positive affective state in the fish, thereby enhancing their spatial
learning ability (Brunet et al., 2022). Nevertheless, the impact of early Chironomus
application on subsequent behaviour still remained unclear. The nutritional status
of fish during the initial stages of ontogenesis plays a pivotal role in determining
their long-term performance; however, it has been shown that the provision of
nutrients at a later stage cannot compensate for deficiences experienced during
early development (Fuiman & Ojanguran, 2011). The high essential nutrient
content of Chironomus (Bogut et al., 2007, Kamler et al., 2008) combined with the
nutrients present in the Artemia has been hypothesised to enhance the development
of the larvae’s nervous system and have a long-term effect on fish behaviour
(Sargent et al.,, 1999a). Consistent with our finding, the beneficial effect of
providing fish with essential fatty acids during early life stages on behaviour has
been evidenced in other fish species (Lund et al., 2014). The beneficial effects of
feeding frozen Chironomus from the onset of exogenous feeding on growth were
observed in both experiments and were also evident in the long term in Trial 2. In
comparison with zooplankton, the energy value of zoobenthos is able to satisfy the
caloric requirements of sturgeon larvae, as well as due to its accessibility, it
emerges as a more favourable nutrient source during feeding (Williot et al., 2005;
Ruban, 2020). The utilisation of frozen Chironomus in concominant with live



zooplankton is advocated from the initiation of exogenous feeding for a period of
two to three weeks during the rearing of Russian sturgeon, owing to the short- and
long-term developmental benefits.

From the onset of exogenous feeding, the practice of combining natiral and
inert (non-living, chemically relatively unchanged) micronutrients, called as co-
feeding, is considered a good option for promoting successful feeding of fish larvae
(Halpati et al., 2024; Marinho et al., 2024). In the Trial 1 (2021), the body size of
the groups co-fed natural end dry diet was consistently smaller that that of the
groups weaned traditionally throughout the experiment. Additionally, the mortality
rate was also higher in the co-fed groups before weaning. The practice of co-
feeding has been demonstrated to facilitate the digestion of commerciaé¢ feed
(Ballagh et al., 2010). The reduced growth observed in the groups co-fed can be
attributed tot he suboptimal utilization of inert feed in comparison to live or frozen
natural feed, a phenomenon that has bee previously documented in Atlantic and
Persian sturgeon (Piotrowska et al., 2013; Agh et al., 2013). However, several
studies have reported the successful use of co-feeding regime in other sturgeon
species, even immediately after the onset of exogenous feeding (Agh et al., 2013;
Asgari et al., 2014; Lee et al., 2022). In consideration of the findings of this study,
it can be concluded that the practice of co-feeding is not recommended for Russian
sturgeon.

In the Trial 2 (2022), the Russian sturgeons were provided with a diet of natural
food for a period of one to two weeks before the process of weaning started. The
“early’ weaned groups exhibited a smaller body size and higher mortality and lower
survival rates (41,8 £2,9 % vs. 58,2 + 7,9 %) than the late weaned group at the end
of larviculture phase. The findings of this study provide further evidence that the
consumption of natural food is beneficial to the early life stages of sturgeon
(Memis et al., 2009; Valentine et al., 2017; Lee et al., 2022).

The mortality rate peaked approximately three weeks after the onset of the
weaning process. In the LW group, this sensitive period coincided with the week
following transport, which resulted in increased mortality in both groups.
However, this increase was more pronounced in the LW group. This finding
indicates that the stress experienced by the fish could have been mitigated if
transportation had been scheduled a week later. This observation can be of
particular relevance to the context of hatchery practices.

Fish in grou W displayed a reduced tendency to remain motionless during the
Plain-maze test. This behavioural manifestation has been associated with anxiety,
which in frequently occurs with elevated stress levels (Egan et al., 2009; Cachat et
al., 2010). As demonstrated in previous studies, the weaning process exerts a
significant influence ont he behaviour of pikeperch raised in ponds (Molnar et al.,
2018). In the present study, fish that weaned earlier exhibited increased stress
tolerance, reduced anxiety levels in the maze and demonstrated greater competitive
behaviour during weaning. The underlying reason may be attributable to species-
specific factors or divergent life history characteristics, given that the larvae in our
study were reared under continuous intensive RAS conditions.

With regard to the timing of weaning, three of the four optimal combinations
were allocated to the later weaned groups. Consequently, when determinining the



timing of weaning, it is advisable to strike a balance between the desired culture
performance, larval rearing capacity and labour costs associated with maintaining
natural food sources.

Following a comprehensive evaluation of the zootechnical parameters, the
most effective treatment among the combinations tested was to provide the fish
with a diet of Chironomus in combination with live, non-enriched Artemia
commencing from the exogenous feeding. The gradual weaning process was
initiated after a period of two weeks exclusive natural feeding. The results of the
present study demonstrated that the application of Artemia enriched by essential
fatty acids and vitamins in combination with Chironomus for a two to three weeks
resulting in long-term growth benefits. The use of Chironomus from the onset os
exogenous feeding is highly recommended. The environmental enrichment has
been proven to yield developmental benefits during rearing for reintroduction,
particularly with regard to enhancing stress coping. Conversely, the loss of
envrionmental enrichment may have led to chronic stress. Additionally, enhanced
environmental perception resulting from the environmental heterogeneity and high
quality feeding can also improve cognitive functions. Accordingly, hatcheries are
advised to use environmental enrichment in the rearing units during larviculture
and to follow the highest standard feeding protocols.



5. Summary of new scientific findings

e Interms of larval development, the application of a higher stocking density
(20 larvae L") up to a mean bodyweight of 100 mg is considered
appropriate for sterlet larviculture.

e The implementation of environmental enrichment in the rearing unit
presents a trade-off between the cultivation of more advanced cognitive
abilities (i.e. exploratory abilities, more ffctice stress-coping mechanisms),
the enhancement of animal welfare status (i.e. the stimulation of species-
specific behaviour, the reduction of chronic stress), and the rapid size
growth in sterlet. Nevertheless, these characteristics are advantageous in
case of restocking of natural waters.

e The environmental complexity modulates exploratory behaviour in
Russian sturgeon juveniles, while its elimination leads to chronic stress,
hindering the capacity of fish for rapid adaptation to the novel environment.

e The use of frozen Artemia result in a significant reduction in the growth of
the Russian sturgeon's body size, thus being considered ill-advised.

e The provision of natural feeding from the initiation of exogenous feeding
of Russian sturgeon, with a particular emphasis on the utilisation of benthic
organism, in combination with environmental heterogeneity, results in a
more efficacious assessment and perception of the surrounding
environment, thereby enhancing the overall welfare of the fish. The
incorporation of Chironomus and Artemia from the onset of exogenous
feeding for a minimum of two weeks yields long-term growth and
behavioural benefits for Russian sturgeon.
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