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Abstract

:

Simple Summary


Restocking programmes are of crucial importance for the stabilisation of wild sturgeon stocks. Despite massive restocking, the survival rate of post-released fish is very low. The low survival is most likely caused by poor fish adaptability due to hatchery rearing practices. This study aimed to provide a deeper understanding of the effect of different feeding applications with day and night regimes and periods of starvation on the modified swimming behaviour of Siberian sturgeons reared in recirculating aquaculture conditions. Our data showed that the modified behaviour of the Siberian sturgeon in our study was caused by fish starvation rather than by the method of feed application or day/night light regimes.




Abstract


Restocking programmes of different fish species have been implemented worldwide. However, the survival of hatchery-reared fish after release to riverine ecosystems is at a very low level. One of the reasons for the high mortality rate of post-released fish is their modified swimming behaviour due to the hatchery rearing practice. To investigate one of the possible causes for modified swimming behaviour, Acipenser baerii larvae were exposed to surface- and bottom-feeding applications with day and night light regimes in a factorial design. We also analysed the effect of 5 and 10 days of starvation after different feeding applications on sturgeon swimming behaviour. The surface-feeding application was previously expected to promote the frequent Siberian sturgeon swim up to the mid- and top-water layers in our rearing facilities. However, our results indicated that the modified behaviour of the Siberian sturgeon in our study was caused by fish starvation and a possible predator-free environment rather than by the method of feed application or the day/night light regimes. These results may be used to improve the implementation of restocking programmes either through modified hatchery rearing practice or the training of foraging skills with predator stimuli.







Keywords:


Acipenser baerii; day/night feeding regimes; modified swimming behaviour; predator-free environment; starvation; recirculating aquaculture system












1. Introduction


The exponential growth in the agriculture and food industry [1,2,3] has been attributed to the ever-increasing consumption of freshwater fish [4]. Over the last few decades, freshwater environments, and particularly riverine ecosystems, have undergone vast modifications, including river fragmentation (damming), pollution, and habitat alteration [5,6,7]. These modifications have changed the structure of spawning sites or impeded the migration of rheophilic fish species to spawning areas, which eventually contributed to severely declined populations [8,9,10,11]. This is of particular concern for anadromous/catadromous fish species, including sturgeons [12,13,14]. Further, sturgeons are subjected to massive exploitation by legal and illegal fisheries, since the demand for highly valued sturgeon meat and caviar is continuing to be on a high level [15,16]. Unsustainable stocking measures have also increased the pressure on the remaining natural populations [17].



Various regional, national, and international organisations aim to slow down the dramatic decline in sturgeon populations [16,18,19]. The Danube Delta Biosphere Reserve has been regulating sturgeon fisheries since 1991 [20]. The development of sturgeon aquaculture has reduced the fishing pressure on natural stocks and satisfied the market, lowering prices and making illegal trades less attractive [17,21,22,23]. Restocking programmes are of crucial importance for the stabilisation of wild sturgeon stocks [24,25,26]. Despite massive restocking actions, the sturgeon populations have not recovered significantly [27,28,29,30,31]. This is most likely caused by poor adaptability, which impairs the survival of hatchery-reared fish in the wild [32,33]. For example, more than 250 million starry sturgeons and 17 million Russian sturgeon larvae were released in the Caspian Sea during the period 1902–1941, but the recorded survival rate of released stocks was very low [34]. The same applies to the released stocks of beluga Huso huso, the Persian sturgeon Acipenser persicus [35], and other fish species [36,37].



The low survival rate of hatchery-reared fish in the wild may origin in specific feeding and swimming behaviours linked to feeding protocols in mass-rearing facilities. For example, a surface-feeding regime has been suggested to cause the high mortality of hatchery-reared benthic fish in the first few days after release to the wild [38,39]. The application of the feed, mainly commercial pellets that float motionlessly on the surface, habituates the fish to the behavioural pattern of the ‘off-bottom swimming activity’. In the wild, this behavioural pattern increases the risk of falling prey to predators [40,41,42]. Different feed applications have an obvious effect on the swimming behaviour of benthic feeders. Many cases of surface and inverted swimming patterns have also been recorded in juveniles of green sturgeon Acipenser medirostris [43], shovelnose sturgeon Scaphirhynchus platorynchus, Atlantic sturgeon Acipenser oxyrhynchus [44], and Siberian sturgeon Acipenser baerii kept in captivity. The sturgeons’ modified swimming patterns could also be affected by periods of starvation. This was shown for the reared larvae of Chinese sturgeon Acipencer sinensis and shortnose sturgeon Acipenser brevirostrum, where the fish increased their swimming activity during starvation for food searching [45,46]. The increased swimming activity made larvae less responsive to predators and easily susceptible to falling to prey [46]. To date, studies on the potential relationship between the application of feed regimes and swimming behaviour of Siberian sturgeons in hatcheries are deficient.



This study exposed Siberian sturgeons to two feeding applications (surface and bottom) with day and night feeding regimes in a factorial design. We also analysed the effect of starvation after different feeding applications on swimming behaviour.




2. Materials and Methods


2.1. Fish Acquisition and Husbandry


Larvae of Siberian sturgeons (4 dph; initial body weight 0.04 ± 0.01 g; total length 17.1 ± 0.7 mm) were obtained from the hatchery Fischzucht Rhönforelle GmbH & Co. KG, Gersfeld, Germany. Fish were transported by car in oxygenated polyethylene bags (filled with 1/3 water, 2/3 oxygen) placed in a thermobox to the experimental facility of the Faculty of Fisheries and Protection of Waters, the University of South Bohemia, in České Budějovice, Czech Republic.



After gradual (1 °C per hour) water temperature acclimatisation from 11 to 19 °C, the larvae were housed in a density of 32 individuals L−1 in six white rectangular tanks (85 l × 23 w × 34 h cm; net water volume 50 L) with a water exchange rate of 84 L (equates 3.5 tanks per hour). The concentration of oxygen (above 90% of saturation), pH (7.0 ± 0.3), and temperature (19.0 ± 1 °C) were monitored twice daily throughout the experiment with a multimetre (Hach Lange HQ40d, Düsseldorf, Germany). Concentrations of ammonium (0.05 ± 0.01 mg L−1) and nitrites (0.05 ± 0.02 mg L−1) were measured every second day with a portable spectrophotometer (DR 2800, Hach Company, Loveland, CO, USA). The light intensity was set at 250 lx at the water surface (DT-8809, Cem, Hong Kong, China), and the photoperiod was constant at 12L:12D.



With the onset of exogenous feeding (10–12 dph), the larvae were fed five times daily ad libitum with a mixture of Artemia nauplii (size of 430–460 μm, hatching rate above 260,000 nauplii g−1; Ocean Nutrition, France) and chopped live tubificid worms (Tubifex tubifex) at a 50:50 ratio for the first 10 days of exogenous feeding. Afterward, the larvae were progressively weaned on commercial pelleted food (Nutra 0.5-mm, Skretting, Norway) over a period of three days (20–23 dph) and were manually fed at two-hour intervals from 8 a.m. to 6 p.m.




2.2. Feeding Regimes Adaptation


On 23 dph, the larvae were randomly redistributed in 12 tanks (85 l × 23 w × 34 h cm; net water volume 50 L, with a water exchange rate of 1.6 tanks per hour) in a density of 5.7 individuals L−1. Four feeding regimes were applied in triplicate: (i) DSF, surface feeding at day; (ii) NSF, surface feeding at night; (iii) DBF, bottom-feeding at day; (iv) NBF, bottom-feeding at night (Figure 1). The larvae were fed with commercial pellets (Nutra, Skretting, Norway) distributed either on the water surface (DSF and NSF) or at the bottom (DBF and NBF) using a funnel 1.5 cm diameter tube. The pellets were provided to the fish by automatic feeders (Eheim, model 3582, Deizisau, Germany) six times and one time by hand daily ad libitum from 8 a.m. to 8 p.m., for day feeding application, and from 8 p.m. to 8 a.m. for night feeding application. At 46 dph, the stocking density of sturgeons was unified to 2.5 individuals L−1. Between 68 dph and 120 dph, the swimming behaviour of the sturgeons was video recorded.




2.3. Video Recording of Swimming Behaviour


Six acrylic transparent experimental tanks (117l × 20 w × 97 h cm; with net water volume 200 L were monitored using video recording. Tank walls were covered with a white vinyl sheet on the back and two lateral sides to avoid the reflection of fish during recording. Before each video recording, the tanks were filled with dechlorinated tap water (O2 ≥ 90%, pH 7.0 ± 0.3, t 19.0 ± 1 °C). Every 3 weeks (i.e., at 68, 89, and 110 dph), 60 fish (20 ind. in triplicate) per feeding group (i.e., DSF, NSF, DBF, NBF) were recorded using a video camera (DS-2CD2043G0-I, Hikvision, Hangzhou, China) placed at a 100 cm distance in front of the tanks. After one hour of adaptation, the fish in the experimental tanks were video recorded for 60 min every four hours (the video recordings from 8:00 a.m., 12:00 noon, 4 p.m., 8 p.m. were referred to as daylight hours, and from 8 p.m. 12:00 midnight, 4:00 a.m., and 8 a.m. were referred to as night hours). Tested fish were not returned to the same tanks of different feeding regimes, nor were they repeatedly used.




2.4. Effect of Starvation on Swimming Behaviour after Different Feeding Applications


To analyse the behaviour of sturgeon after a starvation period, the tested individuals (i.e., 60 randomly chosen fish (20 ind. per triplicate) for feeding group DSF, NSF, DBF, and NBF were taken from the husbandry tanks described in Section 2.2) were placed into additional tanks (85 l × 23 w × 34 h cm; net water volume 50 L). After a starvation period of 5 and 10 days, the sturgeons were video recorded in the same experimental tanks following the procedure described above (see Section 2.3). They were deprived of food for 5 days of starvation (DS) and then recorded. They were returned for another 5 DS (10 days in total) and recorded for the last time. After 10 DS, the tested fish were not returned to the husbandry tanks and were not repeatedly used.



All video recordings were analysed with MATLAB software. To quantify the spatial distribution of the sturgeon within the experimental tank, each tank was subdivided by three horizontal lines into four equally sized rectangles and referred to as the 25% bottom, 50% middle, and 25% surface sections (see Figure 1).




2.5. Statistical Analysis


To identify the effects of (a) two feeding applications (surface and bottom) with day and night feeding regimes and (b) 5 DS and 10 DS on the sturgeon’s swimming behaviour at the 25% bottom, 50% middle, or 25% surface section (See Figure 1) of the experimental tank, a pairwise comparison of the treatments was carried out using Fisher’s least square difference at a critical value (or confidence level) of p = 0.05. The possible bias that could emanate from replication was avoided by treating each experimental unit and having all the values averaged before they were used in the statistical analysis. The graphical models and statistical analysis were carried out using R statistical software (ggplot2′ package) [47]. The data are presented as mean ± SE.





3. Results


3.1. Effect of Surface- and Bottom-Feeding Applications with Day and Night Regimes on Sturgeons Swimming Behaviour


3.1.1. Effect of Daylight


Regardless of the feeding application and time point, the fish spent significantly more time in the 25% bottom section of the tank during daylight than at night, while the difference between day and night decreased over consecutive time points (Figure 2a). This is reflected in the time spent in the 50% middle and 25% surface sections of the tank, where the 68 dph fish spent significantly more time during the night than the day (except for NSF at 68 dph in the 25% surface section of the tank where no difference was observed) (Figure 2c). Similarly, the 89 dph fish spent significantly more time in the 50% middle section of the tank during the night than day. However, no difference was observed in the time spent in the 25% surface section of the tank. The 110 dph fish showed no difference between the time spent during the day and night in both the 50% middle and 25% surface sections of the tank (except for DBF at 110 dph in the 50% middle section of the tank) (Figure 2b).




3.1.2. Effect of Feeding Application


In general, the feeding application affected the time spent in particular parts of the tank only at 68 dph. The DBF and NSF fish at 68 dph spent more time in the 25% bottom section of the tank at night than the DSF and NBF fish (Figure 2a). A similar trend was observed in the 25% bottom section of the tank in daylight, although the result was not significant. The NSF fish at 68 dph spent significantly more time in the 50% middle section of the tank during the day and night than fish exposed to other feeding applications, which were not different. This was reflected in the 25% surface section of the tank, where NSF fish at 68 dph spent significantly less time during the night than other groups, whereas during the day, the NSF and DBF fish spent less time in this section than the NBF and DSF fish. No significant difference in feeding applications was observed among 89 and 110 dph fish (except for the significant difference in the time spent in the 25% surface section of the tank by 110 dph fish during the day) (Figure 2b,c).





3.2. Effect of Timepoints Recorded at 68, 89, and 110 dph on Sturgeons Swimming Behaviour


3.2.1. Swimming Behaviour at One Particular Time Point


In general, all fish groups spent significantly more time in the 25% surface section of the tank on recording day 68 (Figure 3a). Other tank sections showed that for 0 DS, the NSF fish spent significantly less time in the 25% bottom section than in the 50% middle section of the tank, while no difference was observed for BDF, DSF, and NBF fish. Regarding 5 and 10 DS, the DSF, NBF, and NSF fish spent significantly more time in the 50% middle section than in the 25% bottom section, with no difference observed in the DBF fish behaviour. On recording day 89, the highest swimming time spent in the 50% bottom and 25% surface sections of the tank was found in 0 DS fish (Figure 3b). A similar trend was observed in 10 DS fish (except for NSF, where no difference was found between the 25% bottom and 25% surface sections of the tank). Fish deprived for 5 DS spent significantly less time in the 25% bottom section of the tank, whereas the fish spent more time in the 50% middle section of the tank. The results of the 110th-day recording showed that fish deprived for 0 and 5 DS spent significantly more time in the 50% middle section of the tank than in the 25% bottom and 25% surface sections, in which the time spent was not different (Figure 3c). DBF, DSF, and NSF fish deprived for 10 DS spent significantly more time in the 25% surface section, although the time spent by the NSF group in the 25% surface and 25% bottom sections of the tank was not significantly different.




3.2.2. Effect of Consecutive Time Points


In general, all fish groups spent significantly more time in the 50% middle and 25% surface sections of the tank, regardless of the time point of the recording (Figure 3). The fish deprived for 0, 5, and 10 DS showed no statistical difference in the time spent in the 25% bottom section of the tank during the 68th, 89th, and 110th recording days. For the 50% middle section of the tank, the fish deprived for 0 and 5 DS showed the highest time spent on day 110, while the fish deprived for 10 DS showed the highest time spent on day 89. Regardless of the days of starvation, the fish spent significantly more time in the 25% surface section of the tank on the 68th day.





3.3. Effect of Feeding Application and 5 and 10 Days of Starvation on Sturgeons Swimming Behaviour


3.3.1. Effect of Feeding Application on the Starved Fish


Feeding applications had no significant effect on the fish with 0 and 5 days of starvation in 25% bottom of the tank (except DBF, DSF, NBF fish on day 115 after being deprived for 5 DS, which spent significantly more time than NSF fish) (Figure 4a). The DSF and NBF fish deprived for 10 DS showed significantly less time spent in the 25% bottom section of the tank on day 78, while the NSF fish was not statistically different from fish exposed to the other feed applications. No significant difference was found between feed applications for fish deprived for 0 and 5 DS in the time spent in the 50% middle section of the tank (except on day 73 for fish deprived for 5 DS, where the NSF fish spent more time than the DBF, DSF, and NBF groups) (Figure 4b). Although we found no difference on day 99 in the time spent in the 50% middle section of the tank for all fish groups deprived for 10 DS, on days 78 and 120, the fish behaviour patterns were statistically different. On day 78, the NSF fish showed the highest time spent in the 50% middle section of the tank compared with the fish exposed to the other feeding applications (Figure 4b). On day 120, the DBF fish deprived for 10 DS showed significantly less time spent in the 50% middle section of the tank than NSF fish but was not different from DSF and NBF fish. The results obtained for the 25% surface section of the tank showed that there was no feeding application effect on all fish groups deprived for 0 and 5 DS, except on days 68 and 73, where the NSF fish spent more time in the 25% surface section of the tank than the fish exposed to the other feed applications (Figure 4c). On days 78 and 120, the NSF fish showed significantly more time spent in the 25% surface section of the tank than the rest, while no difference was found on day 99 among all feed application groups for fish deprived for 10 DS.




3.3.2. Effect of 5 and 10 Days of Starvation on Sturgeon Behaviour


There was no clear trend in the effect of 5 and 10 DS on the sturgeon’s swimming behaviour in the 25% bottom section of the tank (Figure 4a). The DSF and NBF fish recorded on day 68 showed statistically less time spent in the 25% bottom section of the tank after 10 DS, while the DBF and NSF fish were not statistically different. The fish recorded on day 89 showed no statistical difference between 0, 5, and 10 DS (except the NSF fish, showing less time spent in the 25% bottom section of the tank after 10 DS). The DBF and NSF fish recorded on day 110 showed statistically more time spent in the 25% bottom section of the tank after 10 DS, while the DSF and NBF fish did not differ over time points (Figure 4a). We observed that 10 DS had a significant effect on the fish swimming behaviour in the 50% middle section of the tank, where the fish showed less time over three time points than the fish deprived for 0 and 5 DS, which were not statistically different (Figure 4b). A similar trend was observed for the 25% surface section of the tank (except for the fish groups recorded on 89 dph after 0 DS, which showed the lowest time spent in the 25% surface section of the tank) (Figure 4c).






4. Discussion


Restocking programmes of different fish species have been implemented worldwide [48,49,50,51]. However, the survival of hatchery-reared fish after release to riverine ecosystems is at a very low level [52]. One of the reasons for the high mortality rates of post-released fish is the modified swimming behaviour due to the hatchery rearing practice [51,53]. This was observed for Japanese flounders [39,41], sea trout parr [51], and may be expected for Siberian sturgeons as well.



Generally, Siberian sturgeons are well adapted to benthic life. Juveniles do not typically swim up to the mid- and top-water layers. From hatching to 3 dph, wild Siberian sturgeon larvae swim up vertically and drift due to poorly developed fins. After 4 dph, their behaviour changes, and sturgeons become benthic with relatively low mobility [54,55]. The Siberian sturgeon reared in our recirculating aquaculture system at 89 and 110 dph showed a progressively higher preference for swimming in the middle part of the experimental tank. A previous study on Japanese flounders suggested that the surface feeding application promotes the frequent off-bottom swimming behaviour of benthic fish [56]. Although DSF, NBF, and DBF fish preferred the upper areas of the tank at the beginning of our experiment, our results did not highlight any striking difference between surface- and bottom-feeding applications. We also could not determine any impact of day/night light regimes on the swimming preference of the fish. We did not observe a similar spatial preference at later time points examined in the study, probably due to the periods of starvation and/or the predator-free environment.



Siberian sturgeons spent significantly more time in the upper tank after 5 and 10 DS in both day and night feeding groups. A higher level of swimming-up activity after 24 h of starvation was also reported for white sturgeon Acipenser transmontanus [57]. In our study, some sturgeons showed inverted swimming patterns (swimming with the ventral side upwards, see Figure S1), which may increase their susceptibility to predation in natural environments. This could be a hallmark of depleted and weakened fish. The inverted swimming pattern has already been documented in different sturgeon species, including in Siberian sturgeons, where the inverted swimming peaked between 8 and 32 dph [44,58]. This modified swimming behaviour was also observed in Japanese flounder, another benthic species, where fish jumped out of the water due to starvation just a few days after restocking [59]. This attentive behaviour was considered potentially lethal for fish since it increases the risk of being caught by predators [50,60]. The researchers in these previous studies have suggested that surface and inverted swimming behaviour represent adaptations to feeding at surfaces, but these assumptions probably do not explain why neither light regime nor feed application affected the periods of inverted swimming, as observed until the last day of our experiment.



Another possible explanation for the progressive preference for swimming in the midwater column could be the predator-free environment of the rearing facility. The absence of predators most likely reduces the fish’s level of cautiousness and causes them to swim boldly to midwater column regions but deprives them of the foraging skills necessary for survival in the wild [61]. Previous studies documented an enhanced nocturnal swimming activity of wild early postlarval (10–20 dph) shovelnose sturgeon and shortnose sturgeon Acipenser brevirostrum in the upper water column, compared with the activity during daylight hours [44,62]. Higher foraging activity at night was also documented for postlarval lake sturgeon Acipenser fulvescens at the age of 42–69 dph [63], which are usually covered by nursery grounds during the day and are most likely to hide from predators. We also found the highest nocturnal activity in our sturgeons in the middle of the tank at the beginning of the experiments, regardless of the feeding applications. Later, the preference for swimming in the middle water column became less significant. A modified swimming behaviour due to anthropogenic husbandry was shown for various fish species [64,65,66], including brown trout [67] and Atlantic salmon [66]. The authors documented that one full hatchery-reared cycle was enough to induce maladaptive behaviour under natural conditions. This exposed the hatchery-reared generation to an increased risk of being caught by predators, which minimises the effectiveness of restocking programmes.



Several studies have reported that hatchery-reared fish can be taught to recognise potential predators before their return to natural habitats [40,68]. Training to recognise and respond to threat stimuli could be an efficient approach to improve the adaptation potential to natural conditions [30]. The exposure of hatchery-reared brook trout Salvelinus fontinalis to chemical stimuli from predatory chain pickerel Esox niger, coupled with alarm signals, demonstrated the learning of the fish to recognise the predator by decreased movement and altered foraging patterns [69]. The alarm and olfactory cues from predators were also investigated in the lake sturgeon and the Baltic sturgeon [63,70]. The sturgeons did not respond or only slightly did so to these stimuli, which were, however, reported to increase the general avoidance of predators [71]. The choice of predator used for the visual stimuli should be oriented towards the environment, where fish will be released. Dominant predators of the Caspian Sea are the northern pike Esox lucius, European perch Perca fluviatiluis, pikeperch Sander lucioperca, and catfish Silurus glanis [72,73,74,75] and may be considered for life skill training of sturgeons reared for the restocking of this environment. Learning applications involving multi-predators can significantly improve antipredator behaviour and increase the survival of hatchery-reared fish [76,77]. Furthermore, the application of small predators in trained predator recognition skills seems to be efficient [35]. To our knowledge, only a few studies have reported sturgeon’s life skills training with a one-predator approach [57,78], while multi-predator approaches remain largely unexplored.



The age of fish seems to be a crucial parameter that influences the ability to learn predator recognition. For instance, Atlantic salmon aged 70–105 dph were more responsive to the presence of pike than their older conspecifics [79]. Age-depended learning skills to alarm cues were also reported for lake sturgeon [80,81]. These studies suggested that increased morphological development may lead to a decreased antipredator training response. Our findings suggest initiating life training skills before the age of 89 dph.




5. Conclusions


The bottom-feeding application in the rearing facilities was expected to reduce the tendency of the Siberian sturgeon to swim up to the mid- and top-water layers after restocking. However, our results indicated that neither the type of feed application nor day/night feeding regimes had a significant impact on the swimming behaviour, rather the duration of starvation and the absence of predators. This observation may facilitate and improve the implementation of restocking programmes either through modified culture practices or the application of life skills training with predator stimuli.
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Figure 1. Experimental setup of the two feeding applications (surface and bottom) during day- and night-time hours. Lines show the three video-recorded tank sections: 25% bottom, 50% middle, and 25% surface. 
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Figure 2. Effect of different feeding applications: DBF—day bottom feeding; DSF—day surface feeding; NBF—night bottom feeding; NSF—night surface feeding with day and night regimes on the Siberian sturgeon swimming preference: (a) at 25% bottom of the tank; (b) at 50% of the tank; (c) at 25% surface, which was recorded every three weeks at 68, 89 and 110 dph. Letters denote a significant difference, where the lowercase shows the difference between feeding applications for day or night regimes per recording day for each tank section. The uppercase letters show the difference for each feeding application between day and night per recording day for each tank section. 
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Figure 3. Effect of time points on the Siberian sturgeon swimming preference between three tank sections: (a) on the first recording day at 68 dph, (b) on the second recording day at 89 dph, and (c) on the third recording day at 110 dph. Letters denote significant differences, where the lowercase letters show the difference for each feeding application for one day of starvation between tank sections per recording day. The uppercase letters show the difference for each feeding application per one day of starvation for each tank section between three recording days. 
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Figure 4. Effect of different feeding applications on the non-starved Siberian sturgeon (0 DS), starved for 5 days (5 DS), starved for 10 days (10 DS), and their swimming behaviour: (a) at the 25% bottom section of the tank; (b) at the 50% middle section of the tank; (c) at the 25% surface section of the tank. Letters denote significant differences, where the lowercase letters show the difference between feeding applications per recording day and per day of starvation for each tank section. The uppercase letters show the difference in each feeding application between 0, 5, and 10 days of starvation per tank section. 
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