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Abstract: Many endangered fish species in the wild are artificially bred, and their populations are 
strengthened by the stocking of aquaculture-raised juveniles. Because fish from aquaculture are 
generally not well prepared for the challenging life in the wild, we tested whether training for se-
lected challenges could improve fish survival after stocking. We chose conditioning on predation 
pressure (by learning predator image of northern pike Esox lucius using predator chemical cues and 
visual stimuli), increased rearing water velocity 20 cm × s−1, and direct exposure to predation. The 
juvenile cyprinid fish asp (Leuciscus aspius) was used as a model prey species. A total of 7949 asp 
were reared in four groups using a combination of high flow, predation, and control treatments 
(low flow, no predation; 2018, 2149, 1929, and 1856 individuals, respectively). Of these, 1800 indi-
viduals were released into three ponds with pike, and their mortality rates were monitored in rela-
tion to predation for two months after stocking using passive telemetry arrays. The remaining 6149 
aquaculture-reared individuals were released directly into a large reservoir, while 1426 individuals 
that survived pike predation for two months were released after the pond experiment ended. Fish 
survival in a reservoir was monitored in 2020 and 2021 by boat electrofishing and passive telemetry. 
The effect of training in aquaculture was not detected in pond conditions, but the fish that survived 
direct predation from pike for two months in the semi-natural treatment were more likely to survive 
in the wild than their aquaculture-reared counterparts. In the laboratory environment, asp re-
sponded to predator chemical cues with an increase in shoal cohesion and swimming activity, 
which demonstrate their ability to detect chemical cues. However, exposure to more fluvial condi-
tions did not result in increased critical swimming speed. The study suggests that conditioning 
tested in aquaculture may not be sufficient to prepare fish for the wild, while exposing fish to direct 
predation could increase fish survival. 
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1. Introduction 
Populations of many fish species are declining worldwide [1–3]. The reasons for de-

clining fish populations are diverse, ranging from habitat alteration to invasions of non-
native species [4–7]. In the freshwater environment, migratory rheophilic fish species are 
a particularly threatened group [8–10]. It is common practice to strengthen threatened 
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populations by artificially rearing and stocking (raising fish in a rearing facility and trans-
fer to a novel environment) individuals of various sizes to maintain fish stocks (popula-
tion size) or improve yields of target species [11–13]. However, fish in aquaculture are 
predominantly reared in conditions that are very different from the environment intended 
for their release [14]. Therefore, their experience with predators and their appropriate re-
actions to them are weaker than in wild populations [15–17]. However, the effects of ex-
posing fish to relevant stimuli in the rearing facility on survival in the wild are not fully 
understood (but see [18]). 

Predation is one of the shaping forces that exerts high selective pressure on the indi-
vidual’s success in survival until reproduction [19]. Fish reared in aquaculture are in the 
majority free of predation due to emphasis in aquaculture on high yield (except carnivo-
rous fish breeding programs with the presence of cannibalistic individuals). Therefore, 
hatchery-reared fish are naive to most predators they encounter after stocking [20–22]. 
The sudden encounter with a predator is therefore a novel experience, and it can be fatal 
within a very short time after fish release [23,24]. However, it is possible to prepare the 
fish for an encounter with a predator in the rearing facility. Fish may associate danger 
with novel species by perceiving chemical cues released by injured conspecifics, or chem-
ical cues released by a predator that has eaten a conspecific (termed predator chemical 
cues) [25,26]. The danger associated with the image of the predator then alerts prey en-
countering the predator in the wild, and such prey has a higher chance of avoiding an 
attack by the predator than naïve prey [27–29]. Therefore, such treatment in aquaculture 
should reduce the mortality rate due to predation with little additional effort. Alterna-
tively, fish can be exposed to direct predation pressure under controlled conditions (if 
ethically permissible in the country), allowing prey to learn predator avoidance mecha-
nisms. However, such treatment is not loss-free, but individual chances of survival after 
stocking may be improved [30]. 

Foraging in the wild is more demanding than in aquaculture. While fish farmed in 
aquaculture do not have to search intensively for food, in the natural environment they 
have to travel long distances to find a similar amount of natural food sources [31–33]. This 
leads to morphological and behavioral differences between wild and aquacultured fish 
[34]. Aquacultured fish have been found to have shorter fins relative to body length than 
their native counterparts due to fin erosion [35–37], and the size of the caudal fin may 
subsequently affect the burst swimming speed when encountering predators [38,39]. In 
addition, aquaculture fish are characterized by a bolder behavioral syndrome during food 
competition than their wild counterparts and are slower in responding to predator attacks 
[40,41]. Boldness is generally associated with a higher encounter rate with predators and 
insufficient flexibility in feeding behavior [17,42,43]. Therefore, better preparation for the 
challenging environment should potentially reduce mortality risk. The additional cost of 
rearing may be compensated or ideally surpassed by a higher survival rate of fish reared 
in aquaculture [29]. 

Fish size and condition are important for stocking. Larger fish size and good condi-
tion seem to increase the probability of stocking success [44]. The fish condition factor is 
an essential parameter for stocking success, especially due to the frequent deterioration of 
fish condition after stocking related to slow adaptation to different food sources in the 
wild [42,45]. Therefore, these parameters seem to be crucial when preparing fish for stock-
ing. 

In this study, we used asp (Leuciscus aspius as model species) to test whether condi-
tioning to predation and water flow improved the stocking success. Specifically, we 
reared 7949 fish under four conditions (standing water and no predator chemical cues, 
standing water and weekly introduction of predator chemical cues along with a model 
predator—northern pike (Esox lucius)—fluvial water and no predator chemical cues, and 
fluvial water and weekly introduction of predator chemical cues along with northern pike. 
Fish survival was assessed in three ponds and a large reservoir. Fish were stocked in a 
reservoir either directly from aquaculture or from the two-month-long pond experiment 
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with northern pike direct predation. We expected that (i) fish exposed to predator condi-
tioning treatment will have better survival than the control treatment group, (ii) fish con-
ditioned for better swimming capacity will handle the shift from aquaculture to wild bet-
ter due to their assumed improved locomotive ability, resulting in the higher survival rate 
of stocked fish, and (iii) fish exposed to direct predation by northern pike in pond exper-
iment will more likely survive in the reservoir than the fish transported to reservoir di-
rectly from aquaculture. 

2. Materials and Methods 
2.1. Species Description 

Asp is a cyprinid fish that shifts from invertebrate to fish feeder through its ontogeny. 
At the usual stocking size of asp (7–10 cm total length), invertebrate food sources domi-
nate its diet [46,47]. Asp inhabits primarily fluvial environments and, to a lesser extent, 
lacustrine environments. They can thrive in the lacustrine environment provided that it is 
connected to a riverine system to ensure successful reproduction [48,49]. This species is 
protected in selected areas of the European Union under the Habitats Directive, and in 
some protected areas included in the NATURA 2000, the population is maintained by 
capturing adult fish and artificially spawning and rearing them to the stocking size [50]. 

2.2. Fish Origin and Ethical Statement 
The experimental procedures were performed under guidelines of the European 

Communities Directive (No. 2010/63/EU) on the protection of animals used for scientific 
purposes and have been approved by the Czech Ministry of Health (MSMT–7577/2019–2) 
and the sampling permission from the Ministry of Environment of the Czech Republic 
(OZPZ 201/2019 Vac/3). The fish were the offspring of 40 wild-caught asp from Želivka 
Reservoir (49°72′50′’ N, 15°08′94′’ E, 1602 ha), Czech Republic. Juvenile asp were obtained 
from an artificial breeding program supporting asp stock (Biofish s.r.o., Pravíkov, Czech 
Republic) and transported in polyethylene bags with oxygen atmosphere to the Research 
Institute of Fish Culture and Hydrobiology (České Budějovice, Czech Republic). 

2.3. Rearing of Asp Juveniles in Intensive Conditions 
The conditioning of juvenile asp was done in two phases with two different objec-

tives. Firstly, fish were transported on 10 October 2019 to prepare them for the pond mes-
ocosm experiment and release in Želivka Reservoir (method description below), where 
the fish survival was evaluated. Secondly, fish were purchased on 3 March 2021 to prepare 
them with identical methodology and test in the laboratory conditions, how they differ in 
their swimming capacity, and whether asp reacts to predator chemical cues. 

Fish were acclimated for two weeks in the experimental facility and were slowly ac-
customed to feed on a commercial diet Skretting Gemma Diamond 1.8 mm (Stavanger, 
Norway; proteins 57%, lipids 15%, ash 10%, fibre 0.2%, P 1.5%, Ca 2.5%, Na 0.6%.). A 
mixture (Chironomus sp.) of frozen bloodworms and a commercial pellet diet was offered 
14 days after transport, and the proportion of pellets was gradually increased to 100%. 

After the adaptation period, juveniles raised for mesocosm and stocking experiment 
were placed in rectangular 590 L plastic tanks at density of 1.7 individuals. L−1 (1000 indi-
viduals per tank). The recirculating system with a total water volume of 13,300 L managed 
eight and four fish tanks, respectively. Juveniles raised for laboratory testing were kept in 
four tanks at density 0.5 individuals. L−1 (275 fish per tank). The experimental system was 
equipped with mechanical drum filter AEM 15 (AEM-Products V.O.F., Lienden, The 
Netherlands) three sump tanks (1000 L each) with a series of filtration sections, Bioakvacit 
PP10 (Jezírka Banát s.r.o., Hněvotín, Czech Republic), a moving bed biofilter (three sec-
tions, 1800 L each) with media BT10 (Ratz Aqua & Polymer Technik, Remscheid, Ger-
many), and an Eheim Jäger Thermocontrol 300 flow-through heater (Eheim GmbH & Co 
KG, Stuttgart, Germany) incorporated directly into the recirculation flow. The basal flow 
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rate in each tank was 10 L.min−1. Water temperature, dissolved oxygen, and pH were 
measured twice daily using a combined pH and oxygen meter (MultiLine P4, WTW, 
Weilheim, Germany). Nitrite, ammonium, and phosphate levels were measured every 
three days. Water quality was maintained at the following values (mean ± S.D., T = 20.1 ± 
3.24 °C; pH = 7.0 ± 0.5; oxygen saturation = 90.1 ± 7.2 %, NH4+ = 0.77 ± 0.35 mg/L; NH3- = 
0.004 ± 0.004 mg/L; NO2- = 0.17 ± 0.14 mg/L). The culture room was kept at a light intensity 
of 139 ± 15 Lx on a water surface with a light regime of 12 h light (07:00 a.m. to 07:00 p.m.) 
and 12 h dark (07:00 p.m. to 07:00 a.m.). Fish were fed daily at 9:00 a.m., 11:00 a.m., and 
03:00 p.m. with the same commercial pellets as during the acclimation period. 

After conditioning, fish were anesthetized with MS-222 and individually tagged with 
a passive integrated transponder tag (PIT tag, Oregon RFID, half-duplex, length 23 mm, 
diameter 3.65 mm, weight 0.8 g, ISO 11784/11785 compatible) from 4 to 7 May 2020 and 3 
March 2021, respectively. Three to four scales were removed above the ventral fin and a 
vertical incision approximately 4 mm long was conducted to allow insertion of a PIT tag 
into the body peritoneum cavity. Because sutures have been found to have negative effects 
on fish health after PIT tagging process, no sutures were used to close the incision [51,52]. 
Standard length (SL in mm), weight (g) and PIT-tag identification code were recorded for 
each individual. The size of the PIT tags was chosen based on the desired performance in 
the passive telemetry experiment. Due to the relatively large ratio between PIT tag and 
fish size potentially affecting fish feeding and overall performance [53], fish were given 
two to three weeks after surgery to recover before the experiments began. Fish reared for 
the field experiments were left for two (large field experiment) or three (semi-natural ex-
periment) more weeks in the tanks and the training conditions continued until their re-
lease into pond mesocosms or reservoir (details below). Fish for the laboratory experi-
ments were tagged three weeks prior to their training to track the progress of each animal 
in the conditioning procedure. 

2.4. Fish Exposure to Increased Water Velocity and Predator Cues 
Four experimental groups were established and exposed to the conditions described 

below for two months (March 1 to May 1, 2020 for the pond mesocosm and reservoir ex-
periment, May 1 to July 1, 2021 for the laboratory tests; Figure 1). These groups included 
a control group (Standing Water + No Cues SWNC), in which no manipulation was per-
formed with water velocity and predator chemical cues. The second group (Standing Wa-
ter + Cues SWC) was treated by the presence of a predator (northern pike, 1 h/week and 
addition 10 L of water with predator chemical cues, see below for details). The third group 
(Fluvial Water + No Cues FWNC) was exposed to increased water velocity without the 
presence of the predator and its chemical cues. Finally, the fourth group (Fluvial Water + 
Cues FWC) was exposed to fluvial water conditions and the presence of a predator and 
its chemical cues. Numbers of conditioned fish per treatment were SWNC:2149, 
SWC:1856, FWNC: 2018 and FWC: 1929 for stocking and 275 individuals per treatment 
for laboratory testing. 

Prior to the main experimental phase, four individuals of northern pike (SL 45–55 
cm, weight 650–950 g) were transported to the laboratory for the production of predator 
chemical cues. Three additional tanks of size 180 × 120 × 77 cm were used for keeping the 
northern pike. Predator chemical cues were obtained by holding northern pike in plastic 
tanks (50 L) for 24 h. Two asp treatment groups assigned to the predator treatment were 
treated according to the following protocol: during the learning predator recognition in 
the predation treatments, 10 L of water was added to experimental tanks along with the 
predator northern pike placed in the plastic cage (size 50 × 30 × 23 cm) with a mesh size of 
5 mm. This treatment was repeated weekly, resulting in nine replicates throughout the 
training period. The northern pike was kept in similar tanks and fed daily with a juvenile 
asp (125 ± 5 mm and 16.1 ± 5.0 g). 



Sustainability 2021, 13, 13936 5 of 18 
 

 
Figure 1. Scheme of treatment groups in the experiment prepared in aquaculture for the four conditions (SWNC-standing 
water and no cues; FWNC-fluvial water and no cues; SWC-standing water and chemical cues; FWC-fluvial water and 
chemical cues). The recirculation system was designed to avoid mixing predator chemical cues in with the control treat-
ments. Two tanks per treatment were used in conditioning for stocking and one tank per treatment was used in condi-
tioning for laboratory testing. 

All experimental tanks containing asp were equally supplied with recirculated water 
(0.16 L × sec−1). High water velocity in the flowing water treatment conditions was created 
by two jet pumps (Jebao ATI SOW-15; 15,000 L × hour−1). A handheld vane wheel flow 
meter (Höntzsch GmbH & Co. KG, Waiblingen, Germany) was used to measure water 
velocity in the tanks as well as for calibration of swimming tunnels. Average water veloc-
ity was 18.8 ± 18.7 cm × s−1 for groups with water velocity manipulation (FWNC, FWC) 
and 1.9 ± 1.3 cm × s−1 for groups without water velocity manipulation (SWNC, SWC). 
These water velocities correspond to 1.66 ± 1.65 body length BL × s−1 and 1.38 ± 1.37 BL × 
s−1, respectively, at the termination of the experiment in the FWNC and FWC treatment 
groups. In SWNC and SWC groups, water velocities correspond to 0.16 ± 0.11 (BL × s−1) at 
the start and 0.14 ± 0.09 BL × s−1 at the termination of the experiment. 

The same experimental recirculating aquaculture system was divided into two equal 
systems to avoid the effects of predator cues in FWNC and SWNC treatment groups. Each 
system consists of two rearing tanks (590 L), mechanical drum filter AEM 15 (AEM-Prod-
ucts V.O.F., Lienden, The Netherlands) a tank (1000 L) with a series of filtration sections 
(Bioakvacit PP10; Jezírka Banát s.r.o., Hněvotín, Czech Republic), a moving bed biofilter 
(1800 L) with BT10 media (Ratz Aqua & Polymer Technik, Remscheid, Germany), and an 
Eheim Jäger Thermocontrol 300 flow-through heater (Eheim GmbH & Co KG, Stuttgart, 
Germany). Water quality was maintained at the following levels during this phase (mean 
± S.D., T = 16.4 ± 0.9 °C; pH = 7.3 ± 0.3; oxygen saturation = 89.1 ± 6.2%, NH4+ = 0.76 ± 0.34 
mg × L−1; NH3- = 0.010 ± 0.004 mg × L−1; NO2- = 0.19 ± 0.13 mg × L−1). 

The number of individuals reared for the pond mesocosm experiment and the large-
scale experiment was SWNC: 2149, SWC: 1856, FWNC: 2018, and FWC: 1929. The total 
number of PIT tagged and conditioned fish for the laboratory tests was 150, from which 
were fish randomly selected for the two experiments described below. 

2.5. Pond Mesocosm Experiment 
The experiment was conducted in the Vodňany ponds (49.155524 N, 14.164678 E, 

Czech Republic), where each of the three ponds (20 × 30 m with average depth 60–85 cm) 
was evenly stocked with 1800 asp (150 individuals from the four treatment groups in each 
pond). Survival of individually tagged fish at the ponds was tracked by passive telemetry 
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systems. The passive telemetry system consisting of a single antenna loop (4 × 1 m, LF 
HDX RFID readers) in each pond was used to evaluate the mortality of each group. Each 
pond was divided into two parts by a barrier, and fish had to swim through the telemetry 
antenna as they crossed the pond from one side to the other. The charging and recording 
frequency were set to 10 energize cycles s−1. The individual code was recorded when the 
tagged fish passed the antenna loop and stored along with a timestamp. Northern pike 
was introduced on 29 May 2020 with 4 to 6 individuals in each pond and average total 
biomass of 3.7 ± 1.1 kg (mean ± standard deviation). The monitoring and sampling started 
29 May 2020 and was terminated on 29 July 2020. The ponds were fished out by draining 
in 29 July 2020. The remaining living asp (1426, 79.2% of the initial) were measured, 
weighed, scanned for PIT tags and transported to the Želivka Reservoir immediately after 
the termination of the experiment. Growth increment (SL) was calculated for each surviv-
ing individual. 

Detections of individual tags in ponds were summarized by week and group cate-
gory in each pond separately. If the tag was not detected in one week and was detected at 
a later time or the fish was caught at the end of the experiment, its survival was backfilled 
in the data set. 

2.6. Reservoir Stocking Experiment 
The 6149 individuals were released in the Želivka Reservoir on 19 May 2020, and the 

remaining 1426 asp from semi-natural experiment trained on northern pike direct preda-
tion were released on 29 July 2020 (7575 individuals in total). The study site has the largest 
population of asp in the country and is protected by Natura 2000 [7]. The shoreline of 
Želivka Reservoir was sampled with an electrofishing boat (electrofisher EL 65 II GL DC, 
Hans Grassel, Schönau am Königsee, Germany, 13 kW, used voltage and current 500 V, 
10 A, pulsed DC, frequency 70 × s−1) in August 24–26, 2020, on March 18 to April 25, 2021 
during the spring spawning migration of asp [48] and on August 25–27, 2021 (Figure 2). 
The boat has approximately a six-meter-wide and a three-meter-deep energized field. Par-
alyzed individuals were placed in the aerated vat and when the fish sampling was com-
pleted at a specific location, asp were immediately scanned for potential PIT tags, meas-
ured and released back into the reservoir after recovery. During the 2021 spring season 
(March 18 to May 6), three antenna arrays (antenna loop size 10-18 × 0.6 m, LF HDX RFID 
readers) were installed in the tributary as an additional tool to detect surviving fish aside 
from electrofishing (details in [48]) and the PIT tag detections were used as a sign of fish 
survival. 

2.7. Laboratory Assays on Conditioned Fish 
Fish were conditioned in the four treatment groups (SWNC, SWC, FWNC, FWC) ac-

cording to the protocol described above (Figure 3). After two months of conditioning, fish 
were subjected to two tests: (i) swimming speed capacity and (ii) reaction to predator 
chemical cues to determine the effects of training under aquaculture conditions on fish 
behavior. 

2.7.1. Measurement of Critical Swimming Speed, Oxygen Consumption, and Cost of 
Transport 

At the start and termination of the experiment, the swimming performance of the 
juveniles was evaluated in a 10 L 40 × 10 × 10 cm Steffensen type swimming tunnel respi-
rometer (Loligo systems, Tjele, Viborg, Denmark). The swim tunnel was submerged in a 
buffer tank connected to an aerated temperature-controlled 100 L reservoir tank that pro-
vided continuous water exchange. The swimming tunnel was connected to the buffer tank 
via a flush pump (20 L × min−1, Eheim GmbH, Deizisau, Germany) to provide water with 
a sufficient dissolved oxygen concentration. A fibreoptic oxygen probe and a temperature 
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probe connected to a Witrox 1 (Loligo Systems, Tjele, Viborg, Denmark) were used to con-
tinuously record dissolved oxygen and temperature in the swimming tunnel. The swim-
ming tunnel itself was connected to AutoResp© software (Loligo Systems, Tjele, Viborg, 
Denmark) to control and record internal water velocity and dissolved oxygen. Water tem-
perature was maintained at 16.4 ± 0.9 °C and light intensity at ~140 Lx at the surface of the 
swimming tunnel. One hundred twenty-seven asp juveniles from the four treatment 
groups (30 SWNC, 32 SWC, 29 FWNC, 36 FWC) were used in swimming tests after 24 h 
without feeding. Fish were selected from the experimental groups on a rotational basis to 
minimize possible additional growth between groups and temporal differences in meas-
urements. For each measurement, individual fish were netted and immediately trans-
ferred to the swimming tunnel where they were allowed to acclimate for 25 min at a water 
flow velocity of 5 cm × s−1. The initial velocity of the experiment was maintained at 5 cm × 
s−1 and increased in increments of 2 cm × s−1 every 120 s until fatigue. The swimming test 
was terminated when the fish remained at the back grid for more than 10 s and did not 
respond to external stimuli. 

Asp juveniles critical swimming speed (Ucrit, cm × s−1) was calculated [54]: 

Ucrit = Umax + (TmaX/Tinterval × Uinterval) (1)

where Umax is the highest velocity recorded at fatigue (cm × s−1); Uinterval is velocity interval 
(2 cm × min−1); Tmax is time until fatigued velocity; and Tinterval is the whole time interval (60 
s). 

 
Figure 2. Sampled sites during the 2020 and 2021 summer survey for the survival of trained groups of stocked asp (Leu-
ciscus aspius) in the Želivka Reservoir and scheme of pond mesocosm experiment setup with antenna array installation. 
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Altogether, 1800 asp were used in pond mesocosm experiment (150 individuals from each of the four treatment groups 
stocked in each pond). 

 
Figure 3. Phases of experimental rearing of asp for laboratory evaluation of fish performance after 
aquaculture treatment. Fish were kept at density of 275 individuals per tank. At the phase of PIT 
tagging, 40 randomly selected individuals were chosen per treatment and PIT tagged. Standard de-
viation is indicated after ± sign. 

2.7.2. Reaction to Predator Chemical Cues 
To verify whether asp respond to predator chemical cues and are able to conceal their 

presence under perceived risk of predation, an experiment on behavioral change of asp 
was conducted after the introduction of predator chemical cues. We also tested whether 
responses differed between distinctly conditioned experimental groups. For the behav-
ioral analysis of the reaction to predator chemical cues, we used thirty-three individuals 
per experimental group in eleven replicates (3 asp per tank for each test). Asp were gently 
netted from rearing tanks and placed in 8 round white test tanks (3 fish per tank; H × D = 
53 × 68 cm) to acclimate for one day (water temperature 17.1 ± 1.0 °C, oxygen saturation 
≥90%, pH 7.3 ± 0.5). After overnight acclimation, the activity and interactions between 3 
fish were videotaped (DS-2CD2043G0-I camera type, Hikvision, Hangzhou, China) for 20 
min (10 min during the introduction of 1 L of dechlorinated water, and 10 min after the 
introduction of 1 L of predator chemical cues). The introduction of water in the tank lasted 
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one minute. An aeration stone was placed on the side of the tank to facilitate chemical 
cues dispersion. The test with methylene blue showed dispersal within one minute of in-
troduction. After each test, the water in the experimental tanks was thoroughly rinsed 
with tap water and refilled with dechlorinated aged tap water. Swimming activity of the 
shoal (sum of the number of grid crosses of each individual), shoaling index (number of 
fish swimming within one body length of each other), and number of startle responses 
(fast swimming events of any fish from the shoal) were evaluated for each 10-min section 
of the video (Supplementary Figure 1) [26] . 

2.8. Data Preparation and Analysis 
2.8.1. Pond Mesocosm Experiment 

The survival of asp after stocking was evaluated using a generalized linear mixed 
model fitted with a maximum likelihood model with a binary response (0 or 1) in lme4 
package [55]. The dependent variables were fish condition and treatment group (SWNC, 
SWC, FWNC, FWC) and the random intercept of the pond identity. An alternative model 
that included individual fish length and condition was excluded due to higher model 
complexity (AIC 1745.4 vs. 1747.4) and the nonsignificant effect of fish length tested using 
package glmmTMB [56]. The effect of treatment group and pond on fish growth after in-
troduction of northern pike in ponds was tested by nested analysis of variance (ANOVA). 
Differences between groups were examined using multiple post hoc Tukey tests. 

2.8.2. Reservoir Stocking Experiment 
The list of recaptured asp was merged with the list of reared individuals by individ-

ual fish code, and growth was calculated by the difference between the initial and final 
fish SL. The list of detections from passive telemetry arrays was merged with the list of 
reared individuals by individual fish code to determine which stocked fish were detected 
by passive telemetry during the 2021 spring survey. Individuals that were simultaneously 
detected and captured by electrofishing were removed from the telemetry dataset because 
length information was missing from the passive telemetry dataset compared to the cap-
tured fish. Data sets were processed using the data.table, lubridate, and dplyr packages 
in R software [57–59]. 

To test whether detection probability depends on direct predation exposure (aqua-
culture treatment and transport to Želivka Reservoir vs. aquaculture treatment, northern 
pike predation for two months in the pond mesocosm experiment and then transport to 
Želivka Reservoir) and fish condition, a General Additive Model (GAM) was constructed 
with the dependent variable captured (levels True, False), treatment (SWNC, SWC, 
FWNC, FWC) and real predation (True-pond mesocosm experiment, False-direct 
transport to the reservoir from aquaculture). The model included an interaction between 
the factor of aquaculture training and real predation. The package mgcv was used to con-
struct the model [60]. 

2.8.3. Laboratory Assays on Conditioned Fish 
Normality and homoscedasticity assumptions were checked by Shapiro–Wilk and 

Levene’s tests before conducting parametric tests, and nonparametric equivalent tests 
were chosen where appropriate (Supplementary Table 1). Whether the treatment groups 
(SWNC, SWC, FWNC, FWC) differed in their swimming performance was tested using 
the final critical speed in body lengths × s−1 and the difference between initial and final 
values using a one-way ANOVA. A series of Bonferroni corrected Wilcoxon signed-rank 
tests was run to compare asp general behavior between those experimental groups where 
chemical predator cues were present (SWC and FWC) with the corresponding control 
groups (SWNC and FWNC). A Friedman test was used to test whether the reaction to 
predator chemical cues differed among the treatment groups. Data sets were processed 
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using the data table, lubridate, and dplyr packages in R software [57–59] and visualization 
with package ggplot2 [61]. 

3. Results 
3.1. Pond Mesocosm Experiment 

Of the 600 fish introduced in each of the ponds, northern pike consumed an average 
of 121 ± 24 SD fish per pond in the two months, resulting in average mortality of two fish 
per day per pond. A general linear mixed effects model explaining survival probability 
with dependent variables of fish condition, predator chemical cues treatment, water ve-
locity treatment, and pond random effect showed no effect of aquaculture conditioning 
on fish survival (Table 1). Type-III ANOVA did not show any significance among treat-
ments (ANOVA: χ2(3, 1795) = 3.389, p = 0.336) and condition factor (ANOVA: χ2(1, 1795) = 
0.982, p = 0.322) on fish survival. Survival curves for each treatment group showed similar 
trends, and their standard deviations overlapped during the two-month experiment (Fig-
ure 4). 

Table 1. Parametric coefficient of the general linear mixed effects model of fish survival in pond 
mesocosm experiment under four treatment conditions: SWNC-standing water and no cues; 
FWNC-fluvial water and no cues; SWC-standing water and chemical cues; FWC-fluvial water and 
chemical cues. 

 Estimate Standard Error Z Value p Value 
Intercept 2.553 0.855 2.986 0.003 

Condition −0.865 0.648 −1.334 0.182 
SWNC 0.010 0.175 0.059 0.953 
SWC 0.145 0.179 0.812 0.417 

FWNC −0.163 0.168 −0.968 0.333 

 
Figure 4. Survival rates of the four treatment groups of asp (Leuciscus aspius) in the semi-natural conditions predated by 
northern pike (Esox lucius). Conditioning involved the following treatments: SWNC-standing water and no cues; FWNC-
fluvial water and no cues; SWC-standing water and chemical cues; FWC-fluvial water and chemical cues. The solid lines 
represent the mean of the three replicates and the dotted lines represent the standard deviation for each treatment. 
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Fish treatment in the aquaculture had a significant effect on growth in the pond mes-
ocosm experiment (ANOVA: F (3, 1420) = 3.887, p = 0.009). Fish had an average growth 
increment of 23 ± 25 (mean ± SD) mm. The growth of the SWC group was significantly 
lower than that of the FWC (p = 0.009) and FWNC (p = 0.04) groups, while the other com-
binations of treatment groups did not differ significantly (Figure 5). Fish grew signifi-
cantly differently in the three ponds (ANOVA: F (3, 1420) = 202.9, p < 0.001) with signifi-
cant post hoc Tukey’s comparison for all combinations (p < 0.001), indicating unequal con-
ditions in the ponds (Figure 5) due to the proliferation of the topmouth gudgeon Pseu-
dorasbora parva—prey fish for asp—in two of three ponds. Based on the number of detec-
tions per fish when moving from one side of the pond to the other, the activity of fish from 
the treatment groups in the three ponds did not differ significantly (ANOVA: F (3, 1420) 
= 0.246, p = 0.865; Figure 6). 

 
Figure 5. Growth increments of the four trained groups of asp (Leuciscus aspius) in the semi-natural conditions predated 
by northern pike (Esox lucius). Conditioning involved the following treatments: SWNC-standing water and no cues; 
FWNC-fluvial water and no cues; SWC-standing water and chemical cues; FWC-fluvial water and chemical cues. The 
thick line represents the median, the box represents 50% of interquartile range, and whiskers outer 25% of interquartile 
range excluding outliers. 

3.2. Reservoir Stocking Experiment 
A total of 52 asp were detected in the Želivka Reservoir (aquaculture groups: SWNC-

21, SWC-10, FWNC-10, FWC-11) and the effect of aquaculture treatment was not signifi-
cant in the GAM model (χ2 = 5.174, DF = 3, p = 0.160) with R2 = 0.004 and 16.7% explained 
variance. However, there was a significant effect of exposure to true predation: the fish 
that went from aquaculture training to the pond mesocosm experiment with northern 
pike and then transported to the Želivka Reservoir were significantly more likely to be 
detected than those that went directly to the large field experiment. Of detected fish, 0.49% 
(30 fish from treatment) were transported directly to the reservoir, while 1.54% of detected 
fish (22 fish from treatment) were from the direct predation treatment in the pond meso-
cosms (χ2 = 8.371, DF = 1, p = 0.004). The interaction between aquaculture treatment and 
predation exposure was not significant (χ2 = 4.188, DF = 3, p = 0.241). Fish condition had 
no significant effect on fish survival (χ2 = 0.063, DF = 1, p = 0.802). Of the 52 detected asp, 
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13 asp were captured during the 2020 summer survey, 38 were captured or detected dur-
ing the 2021 spring survey (29 by electrofishing and 19 by telemetry, with 10 fish detected 
by both methods), and only one individual was captured during the 2021 summer survey. 
While 12 individuals were captured from aquaculture in 2020 and only one was captured 
from aquaculture and the additional true predation treatment, the true predation treat-
ment predominated in captures in 2021 (21 vs. 18). Evaluation of the growth of 42 recap-
tured fish by electrofishing by ANOVA showed no effect of aquaculture treatment (F (3, 
34) = 2.4, p = 0.086), and no effect of real predation (F (1, 34) = 3.250, p = 0.080) and no 
interaction between treatment and real predation (F (3, 34) = 0.156, p = 0.925). 

 
Figure 6. Activity (number of crossings from one section of the pond to another) of the four trained groups four groups of 
asp (Leuciscus aspius) in the semi-natural conditions predated by northern pike (Esox lucius). Conditioning involved the 
following treatments: SWNC-standing water and no cues; FWNC-fluvial water and no cues; SWC-standing water and 
chemical cues; FWC-fluvial water and chemical cues. The thick line represents the median, the box represents 50% of 
interquartile range, and whiskers outer 25% of interquartile range excluding outliers. 

3.3. Laboratory Assays on Conditioned Fish 
During the two-month preparation of the fish, they gained an average of 25 ± 5 mm 

SL and 10 ± 3 g in weight. Their condition factor after training was 1.3 ± 0.1. Their final 
swimming speed Ucrit expressed in body lengths × s−1 did not differ significantly among 
groups in final values (ANOVA: F (3, 123) = 0.785, p = 0.504), nor did the relative difference 
from individual baseline after two months of training (ANOVA: F (3, 123) = 0.253, p = 
0.858; Supplementary Figure 2). 

In the experimental assessment of fish behavioral response to the addition of preda-
tor chemical cues, swimming activity increased significantly between the control and ex-
perimental treatments (Wilcoxon signed-rank test (W): Z = 296.5, p = 0.042; Figure 7). Fur-
thermore, the shoaling index also increased significantly in the experimental treatment 
(W: Z = 131.5, p = 0.045; Figure 7). The number of startle responses did not increase signif-
icantly between the control and experimental treatments with predator chemical cues (W: 
Z = 274.5, p = 0.212). The aquaculture conditioning did not significantly alter the behavior 
to predator chemical cues for any parameter (Friedman test: χ2 (3) = 0.491, p = 0.921; χ2 (3) 
= 0.780, p = 0.854 and χ2 (3) = 3.699, p = 0.296, respectively). 
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Figure 7. The comparison between the asp (Leuciscus aspius) activity and shoaling index between the control (addition of 
dechlorinated water) and the experimental treatment (addition of predator chemical cues). The boxes represent upper and 
lower quartiles; the thick lines represent the medians and the whiskers represent 1.5 times the interquartile range. The 
violin plot represents the data distribution as a probability density function. 

4. Discussion 
The main objective of the study was to test whether training of fish in aquaculture 

conditions may ease their transition in the novel environment and reduce the often high 
mortality rates of fish after stocking. However, we found no significant effect of aquacul-
ture conditioning on fish survival in the wild. On the other hand, aquaculture-reared fish 
exposed to direct predators in pond mesocosms for two months survived three times bet-
ter than their aquaculture-reared counterparts after stocking in the large reservoir. This 
suggests that the real threat of predation in the ponds improved survival in the wild (and 
to a lesser extent, individuals with poor predator avoidance were removed during treat-
ment). Despite the 21% loss of aquaculture fish during this experiment, exposure of the 
fish to predators prior to their release had a positive effect on their subsequent survival in 
the wild, given that the detection rate was nearly 2.5 times higher for the trained fish. 

Fish conditioned for predator image recognition in aquaculture often do not survive 
better in the wild [29,62]. For instance, Atlantic salmon (Salmo salar) were conditioned to 
recognize odor of northern pike, but the conditioned group did not differ in survival from 
the control group [62]. The reason why the theory often fails when antipredation condi-
tioning is applied to large-scale breeding and stocking programs may be that the benefits 
of antipredation treatment are greatest only in the first few days after fish release [29]. 
After a few days from stocking, acquired predator recognition will likely occur in the post-
release environment due to perceived attacks on fish conspecifics [63,64], especially in 
shoaling fish such as the juvenile asp used in our study [50]. Due to the relatively low 
predation rate in the pond mesocosms (an average of two fish per day), the results of the 
conditioning were not visible in the ponds even in the first few days after release. For 
instance, predation pressure by five different predators on stocked largemouth bass (Mi-
cropterus salmoides) resulted in a mortality rate of 27% in the first 12 h after stocking [23]. 
It is possible that the species selected for this study is not as vulnerable to predation as 
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other species commonly stocked by fisheries, and therefore, the results of conditioning are 
not as obvious. However, asp seems to be positively selected as a prey fish by at least some 
predators such as European catfish (Silurus glanis) [65], although few data are available 
on this topic. Alternatively, as suggested by Brown and colleagues, aquaculture condi-
tioning is not intensive enough compared to other needs of fish in aquaculture (food com-
petition, hierarchy establishment) to sufficiently alter fish behavior after stocking in the 
wild [29]. Another important issue that must be highlighted is that the survival of stocked 
fish is also dependent on the predator density in the lake and other factors, so the effi-
ciency of training is probably dependent on a multitude of factors that are virtually im-
possible to be quantified in large-scale experiments. 

In the pond mesocosm experiment, an average of five northern pike individuals was 
stocked in ponds, corresponding to an abundance of over 80 northern pike and over 60 kg 
of biomass per ha. Despite the high pike density in the pond environment [66], the mor-
tality rate of asp was not high. On the other hand, direct predator conditioning in the 
ponds was probably intense due to the high encounter rates between predator and prey 
in the small space of the pond. Although surviving asp from the pond mesocosms trans-
ported to the reservoir represented only about 20% of the total stocked individuals, the 
number of recaptured fish in 2021 already exceeded that of the aquaculture-only condi-
tioned groups. This suggests that the numerical losses of fish during direct predator con-
ditioning may pay off in the long-term survival of the stocked fish. More research is 
needed to verify this approach as profitable. In 2021, the fish were two years old and will 
be mature in two to three years. Their detection by passive telemetry arrays during repro-
ductive migration [67,68] may shed more light on the survival among groups and verify 
the current significance of the data. Assessing survival to adulthood by detecting spawn-
ing individuals could therefore be more accurate than the methods used to collect the 
currently available data. Another tool that can be applied to identify the survival rate of 
stocked individuals is the analysis of the fish scale and otolith shape and chemistry, which 
are effective tools to determine the fish origin [12,69]. 

The quality of fish reared in hatcheries may be improved, for example, by more com-
plex structural conditions of the tank [70,71] and by forcing fish in aquaculture to swim 
more, which has often a positive effect on their swimming abilities [72,73]. Fish trained in 
fluvial conditions may move more than conspecifics trained in standing water after their 
release [72], but higher swimming activity may also potentially increase the encounter 
rate with predators [43,74,75]. The potential effect of increased activity was not significant 
in the pond experiment, and such an effect was only evident in Pond 1. The ponds differed 
visually in turbidity, and Pond 1 was very clear with dense macrophyte growth compared 
to Ponds 2 and 3, and this effect could have led to different activities of fish in the ponds. 
Here we must also acknowledge that the measurement of activity in the mesocosm exper-
iment was only an approximation, and the number of passes between pond sections may 
not reflect differences in activity at the fine scale. Further research on the relationship be-
tween swimming capacity training and the relationship with predation is needed to reach 
conclusive results. Research tools such as 2D or 3D acoustic telemetry may be better suited 
to quantify activity differences among trained groups [76]. 

Fish growth in the pond mesocosm experiment differed between treatments, with 
training on predator chemical cues and standing water resulting in slower growth in com-
parison with the other three treatments. Predation risk can sometimes lead to behavioral 
responses that have greater consequences for the animal than the actual (and relatively 
small) risk of being predated [77,78]. Therefore, it is possible that the SWC group invested 
so much energy in avoiding predation due to predator chemical cues that were the only 
stimuli apart from feeding during aquaculture preparation that this limited their foraging 
activity in the ponds. The trend of lower growth rate was apparent in all treatments, de-
spite different turbidity conditions potentially affecting food intake in combination with 
predation risk [78]. 



Sustainability 2021, 13, 13936 15 of 18 
 

Fish condition during the stocking is assumed to be especially important due to loss 
of weight in the first days after release [42,45]. Therefore, it is relatively surprising that the 
condition was not significant in both the pond mesocosm and reservoir experiments. On 
the other hand, food distribution during the aquaculture rearing period was uniform, and 
fish were fed ad libitum, so condition did not vary greatly between individuals. 

Fish from fluvial conditions were not significantly better than their conspecifics from 
standing water in the swimming tunnel. This could be due to the possibility that fish ac-
tively avoided the fast current in the rearing tank and the actual exposure to a high flow 
was not that different from the control group. The other option is that asp was stressed 
during the exercise and many fish performed very poorly in their test despite the rheo-
philic nature of this fish [79]. Because the number of fish per treatment used for testing 
was not that large, it is possible that the differences among treatments would be signifi-
cant with a larger sample size. Finally, the fish were trained to swim in a still relatively 
low current (20 cm × s−1) during the training period, which may not have been sufficiently 
high to improve their maximum swimming speeds tested in the laboratory. 

Asp responded to the introduction of predator chemical cues by increasing their 
shoaling index—a typical anti-predator response—and increasing their activity. In many 
cases, fish tend to reduce their swimming activity more when they sense the threat of 
predators [26]. As a fish oriented in the open water and not being associated with under-
water structures [80], asp may rely more on escape options than on reducing its move-
ment. 

While this study provides some new insights into improving the survival of fish bred 
in aquaculture for stocking in the wild, there is an avenue for future research in this field. 
The finding that fish exposed directly to the predator (northern pike) for two months sur-
vived significantly better than fish raised in aquaculture and released in the wild can be 
extended through future studies. Further investigation can be conducted to determine op-
timal time and predator and prey densities to expose fish to direct predation. It is possible 
that shortening the two-month period used here could reduce losses of aquaculture-raised 
fish while maintaining similar survival chances in the wild. Additionally, less valuable 
prey fish can be added to a conditioning setup to reduce the losses on targeted fish species. 

Supplementary Materials: The following are available online at www.mdpi.com/arti-
cle/10.3390/su132413936/s1, Figure S1: Schematic drawings of behavioral test; Figure S2: The abso-
lute performance in body lengths × s-1 and relative performance the improvement before and after 
conditioning period of asp (Leuciscus aspius); Table S1: Summary of statistical tests used in the study 
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