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Abstract
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Abstract


The production of pikeperch in a recirculation aquaculture system (RAS) is of growing importance. However, the use of combined technologies may also be justified, especially in countries with larger pond areas. However, this requires the most effective adaptation of pellet-consuming individuals to pond conditions. Foraging training, a form of environmental enrichment to compensate for the poor environment in hatchery rearing, can play a major role in this. The aim of our study was to investigate the prey size preference already observed in wild pikeperch, during prey capture by intensively reared naive individuals. We investigated predation success, latency, number of attempts during the process, and size distribution, in a total of 152 foraging trials of 38 pikeperch fingerlings (mean TL = 90.65 mm) at three different prey sizes (predator–prey length ratio (PPR): 0.11, 0.22, 0.33). Although predation on medium–large prey was more successful overall, it was achieved in more attempts and with greater latency. Small prey was captured with the fewest attempts. These results suggest that when calculating prey size in the foraging training of pikeperch, it is recommended to use a 0.11–0.22 PPR less than the optimal PPR described for wild individuals.
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1. Introduction


In central and eastern European countries where the traditional pond culture is frequent, the combined way of low-cost juvenile pond production followed by RAS production is profitable [1]. Although RAS is safer for percid fish health due to the reduced risk of pathogen entry [2], the combined culture method has several benefits compared to the whole cycle RAS production at the present state of the culture technology. High production efficiency and low level of morphological deformities characterize this method, resulting in high quality and quantity of fingerlings [3]. The reduced feed intake and growth rate of the individuals in the size range of 400–1000 g [4] also confirms the increase in the economy of the grow-out phase by raising them on live fish food in pond culture.



Different species can be introduced into the natural environment with varying success, following hatchery rearing, and those that can be established well are generally not sensitive to the artificial environment [5]. The intensively reared pikeperch can be introduced into lake conditions [6]; however, its survival is significantly lower in the presence of other predatory species [7]. RAS, as a stimulus-poor rearing environment, changes the behavioral variability, plasticity, and cognitive capacity of intensively reared fish [8]. In the case of pikeperch, habituation to pelleted food could affect the behavior spectrum of the population. Individuals that start consuming food late or refuse it are more exploratory and less sensitive to stress; thus, less bold, and competitive individuals may be selected as a result of the intensive culture [9]. Ahlbeck and Holliland [10] pointed out that individuals raised in pond culture or RAS show different exploratory and foraging behaviors. Pond-raised juveniles (TL: 63–76 mm) begin to start foraging faster on live invertebrate prey and are more active in their antipredator response.



Under natural conditions, exogenous feeding starts 4–5 days after hatching at a length of 6–9 mm in Perca and Sander species. Thereafter, they feed on small planktonic organisms up to 20–35 mm and then switch to larger food with higher energy content at 30–35 mm. At this point, there are differences between species. For walleye (Sander vitreum) and pikeperch, a growth-dependent shift to piscivory is observed from 35 to 100 mm in size, depending on prey abundance and size, with a preferred prey size of one-fifth of their length [11]. In the case of perch (Perca fluviatilis) and Volga pikeperch (Sander volgensis), this can be observed later at larger sizes. In the case of pikeperch, the lack of large zooplankton or invertebrates can lead to poor growth and condition resulting in significant cannibalism due to the large size variance of the stock [12].



The culture environment presents many challenges to the fish, on the one hand providing a stable predictable environment with the absence of predation, a balanced food supply, and a physical environment, and on the other hand a significant source of stress through increased stocking densities and handling. The adult phenotype of an individual is significantly influenced by the environment in which its early development occurs. The environment during the development of the behavior significantly influences the later phenotype and cognitive abilities through brain development (reviewed by [8,13]). Environment (predation pressure) also influences boldness and, through energy expenditure linked to personality types, the growth of the individual [14]. In addition, boldness can be significantly influenced by the social environment of the individual [15]. Sensory use also varies significantly across environments, and although behavioral lateralization is involved in an antipredator mechanism, it also significantly impacts foraging behavior. Lateralized individuals can capture more prey than their peers [16], but lateralization is less observed in predation-free environments [17].



Environmental enrichment serves to reduce the selection effects of intensive rearing by providing a more complex environment during development. Its role is complex, as it not only improves fish welfare under intensive conditions but also allows individuals to perform better under natural conditions. Of the five categories of environmental enrichment, structural enrichment has been the main focus in recent years [18]. However, the other four strategies (sensory, occupational, social, and dietary enrichment) are also worthy of attention from a fish farming perspective. In the case of pikeperch, there are publications addressing animal welfare (structural enrichment [19], occupational [20], social [19,21], and dietary enrichment [22]), however, the consequence of dietary enrichment is not yet widely studied. The most important skills for captive-reared individuals during release into the wild are predator avoidance, foraging, and reproductive behavior. In the natural environment, for carnivorous fish, capturing live prey and learning tactics are of primary importance, which is facilitated by foraging training, mostly using direct exposure techniques [5]. Although there are publications available on the predation behavior of the pikeperch [23,24,25,26,27] information on the foraging of live prey by intensively farmed individuals is still limited.



Foraging training studies in other species report variable successes, yet mostly result in improvements in the foraging behavior of naïve fish. Studies generally aim to establish learning curves in order to determine the number of attempts sufficient to achieve an already acceptable post-release performance [5]. The training induces learning either through direct exposure to live prey or through social learning [13]. Increased foraging success has been found for Atlantic salmon (Salmo salar) [28,29], largemouth bass (Micropterus salmoides) [30], jade perch, (Scortum barcoo) [31], turbot (Scophthalmus maximus) [32], and European grayling (Thymallus thymallus) [33]. In esocids (muskellunge Esox masquinongy and tiger muskellunge (muskellunge × northern pike E. lucius)), pre-release feeding experience did not significantly alter post-release prey consumption or growth, although the survival of naïve (pellet-consuming) individuals was poorer [34]. In the case of the walleye, under laboratory conditions, the experienced group consumed more prey compared to the naïve group, but this difference could not be confirmed in pond experiments [35]. Changes in food preference have been observed in juvenile Atlantic salmon as a result of foraging training compared to the initial naïve state [36].



The pikeperch, similar to its North American relative the walleye, could show an improvement in the success rate of the behavior based on practice [27,35]. Exercise has probably a significant role in the kinematics of the behavior [37,38]. The size of the prey can affect the learning process, larger prey can quickly lose (energetic) value due to higher handling costs and possibly lower predation success [39]. In wild-caught pikeperch, the preferred PPR value was 0.23 on average, while a maximum PPR of 0.63 was measured for 98 mm-TL individuals [40]. Based on a laboratory prey selection study [24], active prey choice can be observed in the species with a preference of 0.25 PPR.



The aim of our study was to investigate whether and how intensively reared pikeperch show a prey size preference when foraging on live fish. In addition, we investigated how different prey sizes affect the prey capture process (number of attempts, predation latency) and whether the size of the prey ultimately captured is related to the prey size observed during attempts and predation success.




2. Materials and Methods


2.1. Ethical Approval


The protocol was approved by the Committee on the Ethics of Animal Experiments of the Hungarian University of Agriculture and Life Sciences Kaposvár Campus (permit number: 3/2016-MÁB).




2.2. Experimental Fish and Environment


The experiment was carried out at the Fish Laboratory of the Hungarian University of Agriculture and Life Sciences Kaposvár Campus (Hungary). Juvenile pikeperch (Sander lucioperca L.) (mean standard length 38.4 ± 0.6 mm, mean body weight 0.8 ± 0.1 g) were purchased from BO-FA Fish Farm (Attala, Hungary). After acclimation to pellets (in a 12-day weaning period), the fingerlings were reared in a recirculation system, under low stocking density (1.8 g/L) and consumed the pelleted food, Skretting Alterna 2P, until satiation. Cannibal individuals were sorted daily. The system with a total volume of 2600 L was an experimental aquarium system consisting of 30 tanks (60 L) and an external filter. A daily water change rate of about 10% was applied during the study. The water flow rate was set at 1.5 L/min and the temperature was maintained at 20.4 ± 0.3 °C. The lighting provided a luminance of 50 lx for a 12/12 h cycle. Water quality parameters were determined twice weekly using a Compact Photometer PF-12 Plus (Macherey-Nagel). The parameters measured were dissolved oxygen = 7.6 ± 0.4 mg/L, pH = 7.4 ± 0.1, ammonia (NH4+) = 0.09 ± 0.05 mg/ L and nitrite (NO2−) = 0.04 ± 0.03 mg/L.



The standard length and weight of the fish were measured, after which they were anesthetized with clove oil (10 drops in 10 L water). At the beginning of the experiment, the 38 fingerlings had an average standard length of 90.6 ± 4.8 mm and an average body weight of 11.1 ± 1.8 g. They were selected to have the average size of the stock and the smallest possible variance so as not to influence the PPR value during the experiment.




2.3. Behavior Testing


Live fish foraging behavior was studied in a 110 L (90 cm × 35 cm × 35 cm) aquarium. The walls of the aquarium were painted black except for the front, and it contained one artificial plant, and its bottom was covered with small black gravel. The three-prey fish of different sizes (immature Pethia conchonius, one prey of each size) was placed in a partitioned section before testing and the test started with the removal of the partition wall. The pikeperch was placed in the tank 12 h prior to the test to acclimate to the environment. Each pikeperch was subjected to four prey foraging tests with 12 h intervals between tests to ensure motivation (hunger). The test was terminated with a successful predation event (the pikeperch was allowed to eat only one prey), or after 60 min.



We used three prey size categories: 10 mm, 20 mm, and 30 mm standard body length in the small, medium, and large categories, respectively. The categories were formed according to the determination of the average mouth gap of the pikeperch based on the equation: G = 0.127 Lstandard + 0.891 [26]. The average mouth size of the pikeperch was calculated to be 12.4 mm from an average standard body length of 90.65 mm. After measuring 50 specimens of prey fish, the body length–height ratio was 0.42 ± 0.03, based on which the maximum prey length was determined to be 29.52 mm with a pikeperch mouth size of 12.4 mm. With a length of 10 and 20 mm, the height of the prey was 4.2 and 8.4 mm, respectively. The medium category corresponded to the preferred PPR given in the literature (0.22), while the small and large categories had PPR values of 0.11 and 0.33, respectively.



During the test, video recordings of the pikeperch behavior were made (Sony HDR-XR camera). From the recordings, the latency of successful predation, the size of the prey captured, the number of attempts made up to that point, and the size of the prey at each attempt were evaluated. A total of 152 recordings were analyzed (four trials for 38 pikeperch). The video recordings were analyzed manually by the same person for each fish, using PMB version 5.2 software.




2.4. Statistical Analysis


Factor analysis (extraction method: Principal component analysis, varimax rotation) was used to determine the types of foraging behavior. The PCA was performed on the number of attempts for each of the three size categories observed in the tests. The relationship between factor scores and the number of attempts was determined using regression analysis. Based on the factor scores of the first factor, the foraging tests were clustered using a Two-Step cluster analysis (number of iterations 15). The effect of repeated tests was investigated using a general linear model (GLM), where foraging clusters were included as a fixed variable and the individual identifier as a random variable. The model also included the interaction of the two variables. The effect of the foraging clusters (types) was further analyzed using a Cox proportional-hazard regression model performed on the latency of predation measured in the total of 152 and 72 of the successful life foraging tests. The success rate and the distribution of the number of attempts between different prey sizes and foraging clusters were compared by the Chi-square test. Bonferroni correction was applied to compare the number of attempts across the three prey sizes at a p = 0.016 significance level. Statistical analyses were performed using SPSS 17.0 software [41].





3. Results


3.1. Foraging Clusters and Their Influence on Patterns of Predatory Behavior


For a total of 152 tests with varying numbers of prey capture attempts within the small, medium, and large categories, factor analysis identified two factors covering 75.9% of the total variance. The first factor (which covered 38.9% of the variance) was predominantly determined by large prey (component coefficients of −0.182, 0.424, and 0.830 for small, medium, and large prey, respectively), while the second factor was determined by small prey (component coefficients of 0.884, 0.339, and −0.231 for small, medium, and large prey, respectively). The first factor and the number of attempts showed a correlation (r = 0.791, p < 0.001, Figure S1), and the 152 tests were classified into two clusters based on factor scores (Two-Step cluster centroids: 1. cluster: −0.543 ± 0.407; cluster 2: 1.252 ± 0.817). Out of the 152 foraging tests, 106 (69.7%) belonged to cluster 1, while 46 (30.3%) belonged to cluster 2, the latter predominantly foraging on medium–large prey animals. The number of attempts was higher in cluster 2 (Figure 1).



The GLM results show that the repeated tests had no significant effect (p = 0.803) on the latency of the predation, although the effect of foraging clusters (p < 0.001) and the interaction of repeated tests and clusters (p = 0.001) were significant (Table 1).



The proportion of large prey fish in predation attempts affects not only the number of attempts, yet also the latency of predation. The effect of large prey is not significant for all 152 trials, which include ultimately unsuccessful trials, (Cox regression: Overall: Chi2 = 3.182, df = 1, p = 0.074; cluster count: Wald Chi2 = 3.135, df = 1, p = 0.077, ExpB = 0.653). However, for the trials that resulted in successful predation (n = 72), the predation attempt on the medium–large prey significantly increased the latency to predation (cluster 1: n = 43, mean = 354.8 sec, SD = 472.8; cluster 2: n = 29, mean = 911.2 sec, SD = 140.1), resulting in different temporal patterns of foraging behavior (Cox regression: Overall: Chi2 = 12.749, df = 1, p < 0.001; cluster number: Wald Chi2 = 12.047, df = 1, p < 0.001, ExpB = 2.463). The predation event occurs about 500 s earlier in the small–medium prey predation test compared to the medium–large prey predation test (Figure 2).




3.2. The Effect of Foraging Clusters and Predation Success on the Number of Attempts for Prey of Different Sizes within the Tests


Of a total of 38 individuals, eight did not result in a successful capture in any of the tests. Test success rates differed significantly between the two foraging clusters (Chi2 = 6. 458, df = 1, p = 0.011; Table 2). In the tests belonging to cluster 2 (preferring medium–large fish), 63.0% of the tests (29/46) resulted in successful predation, while in tests classified in cluster 1, this rate was only 40.5% (43/106). Within the 72 successful trials, the distribution of the three prey size categories differed significantly within the two clusters (Chi2 = 11.849, df = 1, p < 0.001). The distribution indicated the preference of the clusters, although captures on medium prey were similar in both clusters.



Table 3 shows the number of attempts in the tests, ranked by the number of times the pikeperch attempted the given prey size. If we consider the attempts as a function of the size of the prey finally caught, significant differences were found in the distribution of frequencies (between small and medium sizes: Chi2 = 44.168, df = 1, p < 0.001; small and large sizes: Chi2 = 34.323, df = 1, p < 0.001; medium and large sizes: Chi2 = 30.987, df = 1, p < 0.001). Moreover, the total number of attempts was higher when the larger prey was finally captured (n = 113), the difference was significant both with the small prey (n = 79) (Chi2 = 9.361, df = 1, p = 0.002) and the medium prey (n = 77) (Chi2 = 10.545, df = 1, p = 0.001). The numbers of attempts on the small and the medium prey were not significantly different (Chi2 = 0.036, df = 1, p = 0.849). When considered independently of the final captured prey size, the total number of attempts also differed for the three prey categories: 67 (43 + 7 + 17), 110 (19 + 56 + 35), and 92 (17 + 14 + 61) for small, medium, and large prey, respectively. However, the difference was only significant between the small and medium prey (Chi2 = 15.568, df = 1, p = 0.001), and marginal between the small and large prey (Chi2 = 5.579, df = 1, p = 0.018), after the Bonferroni correction. The total attempt number was similar between the medium and large prey (Chi2 = 2.568, df = 1, p = 0.109).





4. Discussion


Our study investigated the prey-foraging behavior of pikeperch juveniles when they received prey of different sizes. One of the most important results was that the intensively reared pikeperch were unsuccessful in 52% of the trials, despite attempts, during the one-hour test period. This explains that survival will be lower when these individuals are reared in ponds under non-ideal conditions (the presence of other predators as competitors [7]). As one-fifth of the individuals failed the test in all four cases, this highlights the importance of foraging training and confirms that adaptation to an intensive environment shows large individual differences among pikeperch and leads to selection in behavior [9]. The high failure rate can be explained by several factors. When rearing pikeperch in RAS, they must respond to a number of changes compared to their natural environment. The most significant of these is the consumption of pellets, however, there are also changes in the physical environment and the social environment. Individual differences in the success of foraging may be due to their personality. Although group modification effects are not present in our study (behavior was examined individually), our previous study has already shown that exploration is associated with the timing of the transition to pellet consumption [9]. It is likely that exploration levels associated with different personality types also influence the capture of live prey [27]. On the other hand, the complexity of the environment also influences the ability to learn. In a highly heterogeneous environment, fish are often forced to change behavior through learning, while a stable, stationary environment typical to RAS may lock in individual behaviors over time. This influences not only the learning to forage live prey, but also the need to ‘forget’ to search for pellets [42].



Predatory behavior could be classified into two major groups based on the prey size attempted during the tests: small–medium prey and medium–large prey preference behavior. Although the medium prey attempt was present in the process, it was not dominant in any of the tests. In the intensively reared pikeperch, small–medium prey attempts were more prevalent (two-thirds of the cases), indicating a preference for PPR values of 0.11 and 0.22, respectively. This is consistent with the preference of wild-caught pikeperch, where PPR was similar for different prey species: perch 0.11, pikeperch 0.23, ruffe 0.14, roach 0.23 [40]. Turesson et al. [24] examining the prey size preference of the species, found it to be 0.25 when examined in both the 0.25–0.45 and the 0.20–0.30 PPR ranges. Under natural conditions (in stomach contents), an average PPR of 0.28 was also obtained. Their study showed that pikeperch prefer smaller prey, and although approach rates did not differ, attack rates were lower for larger prey. Our study also confirms this for intensively reared naïve fish, although in our case the preference for smaller fish was observed at lower PPR values.



Although the three size categories were almost equally represented in the successful tests, the number of trials that preferred the medium–large category was only one-third of the total, so these trials were about 20% more successful. There are several possible explanations for this. The first is differences in prey behavior. It is possible that differences in size may also cause differences in predator avoidance behavior [43] or that swimming performance varies as a function of size [44], which could result in altered predation risk. The other possibility could be due to differences between pikeperch individuals. It is possible that the two different size preference categories were used by pikeperch individuals with different personalities, with larger prey sizes being preyed upon by more active, exploratory individuals [45]. In the case of the transition to pellet consumption, more exploratory individuals tended to consume live food during the transition, accepting pellets later or not at all [9]. Even more, a combination of the two factors could have shaped the outcome.



Foraging on larger prey resulted in more attempts and longer predation latency. Four mechanisms may underlie the consumption of costly prey [46]: the presence of direct benefits (e.g., limiting nutrients), individual speciation, optimal foraging, and compensatory growth. Direct benefits are unlikely in the present case, as individuals of different sizes of the same prey species were used. Optimal foraging theory suggests a PPR size of 0.26 is optimal for pikeperch [24], with larger sizes rewarding costly prey consumption only in the presence of different proportions of resources, which was not the case. It is more reasonable to hypothesize the remaining two mechanisms, either individual specialization (based on behavioral, and sensory differences) or, more likely, greater motivation (hunger) behind the attempt to prey on larger prey. These individuals were temporarily compensating for their possibly lower previous food intake by consuming larger prey. Higher motivation also seems to be confirmed by the fact that, despite the higher cost, predation success was also higher in these trials. Finally, an additional factor may have caused the preference for larger fish. Since cannibalism was not controlled during larval rearing in our study, it is possible that non-naive fish were included in the study, whose preference was already different from the others. Although in practice it is unlikely since cannibalism, at any stage of rearing, causes a significant size difference that persists later (resulting in significantly larger individuals), and we used in our study individuals that have the average size of the stock.



For different prey sizes, the number of attempts was found to be significantly lower for the small size. Out of a total of 67 attempts, 43 attempts were in a prey capture process that ultimately resulted in the capture of the small prey. Nevertheless, the proportion of small prey within successful prey captures did not differ. These results suggest that although the small prey had a suboptimal PPR, it was beneficial for the learning process of intensively reared naïve individuals. Learning not only results in faster predation but also provides energetic benefits by altering attack latency and prey acquisition efficiency [47]. Our study suggests that a slightly suboptimal PPR (compared to wild fish) during foraging training is recommended.



Finally, it should be mentioned that foraging training may be subject to bias in the practical implementation. The main problem may be the production of the right forage fish. When foraging training is carried out in a closed system, the production of the necessary forage fish entails additional costs, the return on which requires further investigation. If large quantities of pond-produced prey fish are available (e.g., invasive species: Carassius gibelio, Pseudorasbora parva), this could be a solution to the problem, but the introduction of prey fish from ponds into a closed system poses a high health risk. However, it may be appropriate to carry out foraging training in small ponds immediately prior to stocking, in which case other forms of environmental management could be implemented. However, this requires further investigation to develop the correct method.




5. Conclusions


Our results suggest the use of foraging training prior to pond rearing of intensively reared pikeperch. Prey acquisition tests showed a small–medium prey preference similar to wild fish. Although predation on medium–large prey was more successful overall, it was achieved in more attempts and with greater latency. Small prey was captured with the fewest attempts. These results suggest that when calculating prey size in the foraging training of pikeperch, it is recommended to use a PPR less than the 0.25 optimal PPR described for wild individuals.
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Figure 1. Separation of tests by foraging behavior type, based on the number of trials in each prey size category. The factor score 1 was obtained using PCA based on the number of attempts observed in each of the three prey-size categories. The two clusters were separated using a Two-Step cluster analysis. 
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Figure 2. Cumulative event curves showing the effect of foraging clusters on the probability that fish had captured the prey before a given time during an experimental trial. 
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Table 1. The effect of repeated tests and foraging clusters on foraging latency (general linear model).
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Source

	
Sum of Squares

	
df

	
Mean Square

	
F

	
Significance






	
Intercept

	
Hypothesis

	
30234735.979

	
1

	
30234735.979

	
73.643

	
<0.001




	
Error

	
12799195.988

	
31.175

	
410559.769

	

	




	
Cluster

	
Hypothesis

	
2883535.320

	
1

	
2883535.320

	
4.778

	
0.045




	
Error

	
9252524.205

	
15.331

	
603512.348

	

	




	
ID

	
Hypothesis

	
12606404.223

	
28

	
450228.722

	
0.693

	
0.803




	
Error

	
9489677.867

	
14.616

	
649261.982

	

	




	
Cluster × ID

	
Hypothesis

	
9353114.714

	
15

	
623540.981

	
4.047

	
0.001




	
Error

	
4159963.083

	
27

	
154072.707

	

	








Cluster: foraging clusters; ID: identification number of the individuals; df: degree of freedom.
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Table 2. The distribution of the number of successful predations on the prey of different sizes in the two clusters during the tests.
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Predation




	
Unsuccessful

	
Small

	
Medium

	
Large

	
Total






	
Cluster 1

	
63

	
20

	
15

	
8

	
106




	
Cluster 2

	
17

	
3

	
12

	
14

	
46




	
Total

	
80

	
23

	
27

	
22

	
152
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Table 3. Distribution of the number of attempts to capture prey of different sizes during successful tests according to the size of the prey captured.
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Captured Prey

	
Attempted Fish

	
Number of Tests with an Attempt of

	
Total

Attempts




	
0

	
1

	
2

	
3

	
4

	
5

	
6

	
7






	
Small

	
Small

	
0

	
10

	
10

	
2

	
0

	
0

	
0

	
1

	
43




	
Medium

	
17

	
6

	
2

	
0

	
1

	
1

	
0

	
0

	
19




	
Large

	
14

	
3

	
2

	
2

	
1

	
0

	
0

	
0

	
17




	
Total

	
31

	
19

	
14

	
4

	
2

	
1

	
0

	
1

	
79




	
Medium

	
Small

	
17

	
5

	
1

	
0

	
0

	
0

	
0

	
0

	
7




	
Medium

	
0

	
15

	
4

	
3

	
3

	
0

	
2

	
0

	
56




	
Large

	
12

	
6

	
4

	
0

	
0

	
0

	
0

	
0

	
14




	
Total

	
29

	
26

	
9

	
3

	
3

	
0

	
2

	
0

	
77




	
Large

	
Small

	
14

	
3

	
4

	
2

	
0

	
0

	
0

	
0

	
17




	
Medium

	
9

	
10

	
4

	
1

	
1

	
2

	
0

	
0

	
35




	
Large

	
0

	
7

	
2

	
7

	
4

	
0

	
1

	
1

	
61




	
Total

	
23

	
20

	
10

	
10

	
5

	
2

	
1

	
1

	
113
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