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Abstract

:

Scale-eating cichlid fishes, Perissodus spp., in Lake Tanganyika have laterally asymmetrical bodies, and each population is composed of righty and lefty morphs. Righty morphs attack the right side of prey and lefty morphs do the opposite. This anti-symmetric dimorphism has a genetic basis. Temporal changes in the frequencies of morphs in two cohabiting scale-eating species (Perissodus microlepis and P. straeleni) were investigated over a 31-year period on a rocky shore at the southern end of the lake. Dimorphism was maintained dynamically during the period in both species, and the frequencies oscillated with a period of about four years in a semi-synchronized manner. Recent studies have indicated that this type of anti-symmetric dimorphism is shared widely among fishes, and is maintained by frequency-dependent selection between predator and prey species. The combinations of laterality in each scale-eater and its victim were surveyed. The results showed that “cross-predation”, in which righty predators catch lefty prey and lefty predators catch righty prey, occurred more frequently than the reverse combination (“parallel-predation”). The cause of the predominance of cross-predation is discussed from the viewpoint of the physical and sensory abilities of fishes.
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1. Introduction


Lateral bias of behavior has been observed in various animals, particularly vertebrates. Among vertebrates, fish are expected to exhibit primordial forms of vertebrate laterality, as they are the most ancestral group. Numerous studies have used fish to elucidate the causes of behavioral laterality, and many have demonstrated an association between behavioral laterality and brain lateralization [1,2,3,4,5,6,7,8]. Many studies on morphological asymmetry have been conducted in both invertebrates and vertebrates including fish, from which three types of asymmetry have been categorized based on the frequency distribution of measured laterality: fluctuating asymmetry (unimodal and symmetrical distribution), directional asymmetry (unimodal distribution shifted from symmetry) and anti-symmetry (bimodal distribution) [9]. The relationship between behavioral laterality and morphological asymmetry, especially for anti-symmetry, had rarely been investigated aside from asymmetry of the brain [6,10,11].



Some theoretical and/or empirical studies have investigated the mechanism that is responsible for maintaining the lateralization in one population from the viewpoint of cerebral lateralization [12,13,14], but few studies have been done to analyze the mechanism that maintains the anti-symmetric dimorphism in one population. In particular, the population in which the dimorphism is maintained dynamically, i.e., the frequency of righty and lefty morphs changes temporally with in a fixed range, has not been investigated except for scale-eating cichlid fish in Lake Tanganyika [15]. Note that, if the frequency of righty and lefty morphs is changeable, it is not the laterality at the population level, even though the laterality is obvious at the individual level.



The scale-eating cichlid fishes, Perissodus spp., in Lake Tanganyika have laterally asymmetric bodies, and each population is composed of righty and lefty individuals or morphs [15,16,17]. Righty individuals attack the right side of prey and lefty fish do the opposite [15,18,19]. Similar morphological and behavioral laterality was also observed in an Amazonian characid scale-eater, Exodon sp. [20]. This type of dimorphism has a genetic basis [15,21,22,23,24]. The ratio of laterality (frequency of righty morphs in each population) of P. microlepis oscillates around 0.5 with a period of five years, and this balance appears to be maintained by frequency-dependent selection (minority advantage) mediated by the vigilance of prey [15,25,26].



A field study of the balance of polymorphism in P. microlepis was conducted on rocky shores at the northern end of the lake (near Uvira, Democratic Republic of the Congo), where P. microlepis was essentially the only species of scale-eater in the fish community [15]. From this study, further questions arose, such as how laterality interacts in a locality where two species of scale-eater coexist, and whether polymorphism is maintained in the two species.



In order to know the temporal change of the ratio of laterality where two species of scale-eater cohabit, we monitored the ratios of their laterality on a rocky shore at the southern end of the lake (near Mpulungu, Republic of Zambia) for 31 years from 1988 to 2018, where P. microlepis and P. straeleni cohabited [27,28]. The two species (Figure 1) are the sister species in phylogeny [29], and occupy the same feeding niche, i.e., they attack nearly the same species of cichlid fishes (mainly algal-feeders with high body depth such as Petrochromis spp., Cyathopharynx furcifer and Tropheus moorii) as prey of their scale-eating [17,30].



Another purpose of the present study was to investigate the relation between the laterality of scale-eater and that of their prey fish. Recently Hori et al. [31] demonstrated that almost all fishes have the same kind of laterality at various intensities in a similar way to that of scale-eaters, which had been suggested for various types of fish [21,32,33,34,35,36]. Given the findings that all fishes have laterality, we have to reconsider the mechanism responsible for maintaining that laterality and for driving the oscillation of the ratio of laterality. The most probable mechanism may still be the prey—predator interactions, but it has come to light that the mechanism is embedded in the genetic ability of both predator and prey as well as the prey’s switching of vigilance toward the majority morph of predator. Therefore, we have to examine the combination of laterality between each predator and its prey.



In the situation that all the fishes have laterality, two types of predation incident can be distinguished: A predator catches a prey of the same morph of laterality (righty predator catches righty prey and lefty one lefty prey) or a predator catches a prey of the opposite morph (righty predator catches lefty prey and lefty one righty prey). The former type can be called “parallel-predation” and the latter “cross-predation” [32,36,37,38]. Then, provided that the ratios of laterality of both predator and prey are maintained in any pattern, we can predict that the predation incidents in a community as a whole at any one time are biased toward an excess of one type of predation over the other, i.e., either that cross-predations are prominent over parallel-predation (predominance of cross-predation) or the reverse (predominance of parallel-predation), but not that both types of predation occur at a similar frequency (random-predation).



To verify this prediction, during the latter half of the field work (from 2006 to 2018) we observed the scale-eating in water and tried to collect both the scale-eater and its victim fish just after the scale-eating took placed, and examined the frequencies of predation types among the sampled pairs.



In short, the purpose of this study is to demonstrate the long-term dynamics of laterality in the two co-habiting species of scale-eater in one locality, and also to detect the predominance of either cross predation or parallel-predation in the events of scale-eating. Some discussion is made on the meaning of the pattern found.




2. Materials and Methods


2.1. Sampling of Scale-Eaters to Assess the Ratios of Laterality


We conducted a long-term survey on the ratios of laterality in the populations of the two species of scale-eater on a rocky shore at Kasenga Point in the southern end of Lake Tanganyika (near Mpulungu, Northern District, Republic of Zambia). It has been shown that the fish community in the littoral rocky shore of this lake is mainly composed of cichlid fishes and is very stable with the densities of most species being unchanged over many years [17,28,39]. Then, in order to know the effect of laterality of one species on another, it may be enough to know the ratios of laterality of the two species of scale-eater. In the same season (from September to November) in every year, fish samples of the two species were purchased from fish hauls by village fishermen at Kasenga Point. The hauls had been caught as their livelihood mainly by gill-net and sometimes by sein-net and angling every day. In every season, several individuals of each species (ranging from 10 to 200, the average was 132 for P. microlepis and 57 for P. straeleni) were collected in order to gain reliable ratios of laterality for each population at each time. This survey was conducted almost every year from 1988 to 2018, though we could not make the survey in two years in the beginning of this survey (1989 and 1991).



The laterality of each fish can be defined from the direction of the mouth opening [17,15,21]. Morphologically, the asymmetric mouth opening is due to either side of the joint, say, the right joint, between mandible and suspensorium taking a position frontward, ventrally, and outside compared to the opposite side of the joint [16]. The bending rightwards should mean that the right side of its head and flank have developed more compared to the left side [21]. This relation is seemingly held in other fishes [35,37]. The functional morphology and the quantitative measurement of the asymmetric mouth opening have been developed with separate works [31,36,40]. Note that the definition of laterality used in the present and recent studies differs from that used in earlier papers [15,16,17,33]. In the earlier papers, individuals with the mouth opening to the right were defined as “right-handed” or “dextral”. In the present and recent studies, usage of “lefty” reflects the fact that the left mandible of such ‘right-handed’ fish is larger than the right mandible [21,31], and the left eye is dominant [34,41].



Temporal change in the ratios of laterality (frequency of righty morphs in each population) in each species was determined using the samples mentioned above for the whole period, and the periodicity in the ratio of laterality, if any, was analyzed using the Fourier transform with the same method formalized in the Supplementary Material in the work of Yasughi and Hori [36].




2.2. Sampling of Pairs of Hunting Scale-Eaters and Their Victim Fish to Assess the Combination of Laterality at Each Predation Event


This sampling was carried out at Kasenga Point mainly in November of 2007, and supplementary samplings were added at the site in the same season from 2008 to 2018. In every survey, we used a scuba to trace each fish of either species of scale-eater in water 3–10 m deep. When observing the incidence of scale-eating, we immediately tried to catch both the scale-eater and its victim by spreading a short gill-net around them. Then, in the event that both the scale-eater and its victim were caught, the fishes were unloaded, fixed in water with ice, and kept in 10% formol. If only one fish was caught, it was released, and another tracing was started. Success in catching both fishes was achieved about once every 3 or 4 trials. In the laboratory, the laterality of the fishes was determined based on the direction of the mouth opening, and the combinations of their laterality were examined. These treatments were performed according to the Regulations on Animal Experimentation at Kyoto University. To know whether cross-predation or parallel-predation was predominant in each species of scale-eater, a statistical test was performed using odds ratios with a 95% confidential limit.





3. Results


3.1. Temporal Changes in the Laterality of Two Scale-Eaters


In Kasenga point, both lateral morphs of the two species of scale-eater were maintained for 31 years. The ratios of laterality of both species periodically and dynamically changed around a value of 0.5 but were almost always maintained within a range of 0.4 to 0.6 (Figure 2). The Fourier transform detected a significant period of cycle in the ratio of each species, i.e., 3.9 years (p-value < 0.001) for P. microlepis and 4.1 years (p-value < 0.01) for P. straeleni, indicating that the ratios of the two species oscillated with almost the same period.



Relation of oscillation of laterality between the two species of scale-eater was examined by directly plotting the ratio of P. microlepis against that of P. straeleni (Figure 3). The plots scattered in a counterclockwise rotation around the equilibrium point in both species (coordinates (0.5, 0.5)). It suggests that the ratio of P. microlepis followed the periodic change of P. straeleni nearly one year later.




3.2. Correspondence of Fish Laterality between Individual Scale-Eater and Its Prey


We were able to collect 53 pairs of individual scale-eaters and prey fish for P. microlepis, and 51 pairs for P. straeleni. The “victim fish” (fish that have their scales eaten) were composed of Interochromis loocki, Petrochromis spp., Tropheus moorii, and Lamprologus callipterus, and they looked to be of little difference to the two species of scale-eater. The combination between the laterality of scale-eater and its prey exhibited a significant bias toward cross-predation in both species (Table 1). The odds ratio was 26.4 for P. microlepis (95% confidential limit; 24.9–27.9) and 28.88 for P. straeleni (27.4–30.4), indicating that cross-predation significantly occurred more frequently than parallel-predation (Mantel–Haenszel test; p < 0.01 for both species).





4. Discussion


4.1. Relation between the Two Species of Scale-Eater


Results showed that the lateral dimorphism of two species of scale-eater cohabiting in a rocky shore was maintained just as it was where only one species (P. microlepis) inhabited [15]. The ratios of the two species oscillated during the 30 years with nearly the same period (four years) and the same amplitude (0.2). These patterns indicate that the ratios of laterality of the two species interacted with each other. The change in ratio of P. microlepis appeared to follow that of P. straeleni.



This semi-synchronized pattern may be interpreted by the frequency-dependent selection (minority advantage) in scale-eating and also by the sharing of advantage between the minor morphs in frequency of the two species. A long-term census carried out in the same site (Takeuchi et al., 2010) [28] indicated that the density of the two species of scale-eater has remained rather constant with that of P. microlepis being 8.4 times higher than that of P. straeleni (the mean density of P. microlepis was 11.73/10 m2 (S.D., 28.76) and that of P. straeleni 1.39 (3.98)). If the minority advantage operates in this system, the minor morph at a time of P. straeleni, say, the righty morph, will get the higher fitness, and then the advantage should be shared by the righty morph of P. microlepis. This sharing of minority advantage may be the most responsible factor for the ratio of the laterality of majority scale-eaters in number, P. microlepis, following the oscillation of the minority one, P. straeleni. Using a theoretical model, Takahashi and Hori [26,42] examined the factor that generates an oscillation of polymorphism in two competing predators and found that the strong frequency-dependent selection was crucial for the polymorphism being dynamically maintained. In the next section, we examine the strength of the frequency-dependent selection between scale-eaters and their prey.




4.2. Predator and Prey Relationship


The results showed that righty scale-eaters predominantly succeeded in attacking lefty prey over righty prey, and vice versa for lefty scale-eaters in both P. microlepis and P. straeleni. A statistical test based on the common odds ratio was highly significant (Mantel–Haenszel test; p < 0.01), suggesting that “cross-predation” was 26 to 29 times more frequent than “parallel-predation”. Cross-predation should be crucially responsible for the oscillations being generated. Using a theoretical model, Takahashi and Hori [25] examined the factor that could generate an oscillation of polymorphism in a scale-eater and found that the strong frequency-dependent selection was essential for the oscillation around the equilibrium. The high level of predominance of cross-predation found in both scale-eaters seemed to account enough for the oscillation of laterality observed in their populations. In such a situation, the majority morph of scale-eater at any one time, say, righty scale-eaters, would exploit the lefty prey fish. Then the righty prey would be at an advantage in fitness and increase its own frequency after a period of time had elapsed, which would then favor the lefty morph of scale-eater. Furthermore, Nakajima et al. [43], using mathematical analyses and computer simulations, ascertained that under the predominance of cross-predation and high predation efficiency, the dimorphism was dynamically maintained in a one-predator–two-prey system as well as a three-trophic-levels system.



Yasugi and Hori [36] investigated the relationship between largemouth bass, Micropterus salmoides, and freshwater gobies, Rhinogobisu spp., in regards to their laterality, and found a significant bias toward cross-predation. Then, Yasugi and Hori [37] studied experimentally the kinematic causation of predominance of cross-predation. They found that every morph of laterality has a dominant side (either right or left) of the body in sensory and locomotion ability which may function deferentially in detecting and attacking a prey and making an attack in predator fish, and detecting and evading enemy and escaping in prey fish. Then, in the system where a predator stalks and attacks prey fish from behind, predation is more successful when lefty (righty) predator meets a righty (lefty) prey, and less successful when a lefty (righty) predator meets a lefty (righty) prey. Though no quantitative data were taken, we have the impression that scale-eaters can detect the laterality of prey that they targeted at an early stage of their pursuit, because the scale-eaters were often observed to pursue for a long time in cases of cross-predation. We think that they can detect the prey’s laterality judging by any delicate gesture in the prey’s movement, even though the laterality of each individual seems to be concealed from appearance [21].



Yasugi and Hori [38] also demonstrated that the dominance of cross-predation is characteristic of predators who attack prey from behind. A similar result was found in the investigation of stomach content analysis of the relation between piscivorous fishes belonging to Lamprologus (sensu lato) and their prey in regards to their laterality (Hori, unpublish data). Inversely, parallel-predation is dominant in predators who attack the benthic prey fish from ahead such as anglerfish, Lophinomus setigerus [38].



In this study we could not analyze the relation between ratios of predator and prey. The littoral fish community in Lake Tanganyika is so speciose and the interspecific interactions are highly complicated [17,27,30]. The interaction between piscivorous fishes and their prey and that between benthos-eating fishes and their prey may also be involved. Therefore, to analyze the temporal relation of laterality between predator and prey in the natural system, a more simple system such as one-predator–one-prey may be suitable. The fish community in a pelagic area in a temperate zone might provide such a system.



Furthermore, cross-predation may have a large effect on the structure of a fish community itself. Using a mathematical model and a computer simulation applied to a fish community of three trophic levels, Nakajima et al. [44] predicted that, when only one type of lateral morph exists in a species, the other type can invade, which suggests that dimorphism is maintained in all directly and indirectly interacting species of a community. Takahashi and Hori [42] theoretically showed that oscillation in laterality of morphs affects the coexistence of competing species. For an investigation of the relation between laterality and community structure in a natural system, however, the fish community in Lake Tanganyika may be suitable in spite of the complexity of its structure. The reason is that, as every population was very stable [17,28], the effect of frequency of each morph of a species on other fishes could be assessed only with periodic fish samplings from the community. This type of research is now in progress at the same site of the present study.



At present, it is difficult to evaluate the effect of frequency-dependent vigilance of prey fish on oscillation. Hori [15] demonstrated that prey fish actually showed such differential vigilance responding to the ambient ratio of laterality in scale-eaters. However, the result was reached in circumstances where the laterality of prey fish had not yet been recognized, and thus the two kinds of effects on oscillation, i.e., cross-predation and differential vigilance, were mingled. As the theoretical model [42] predicts that natural selection should be strong to generate the oscillation of the ratios of laterality, frequency-dependent vigilance of prey fish may have a large effect on the oscillation, as well as the predominance of cross-predation. The evaluation of the relative importance of the vigilance of prey fish remains for future investigation.
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Figure 1. The laterality of two scale-eating cichlids, Perissodus straeleni (top) and Perissodus microlepis (bottom) in Lake Tanganyika. A lefty morph of the former and righty morph of the latter species are shown from both sides. 
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Figure 2. The temporal changes in the ratios of laterality (frequency of righty morphs) in two scale-eaters, P. microlepis and P. straeleni, on the southernmost shoreline of Lake Tanganyika over a 30-year period from 1988 to 2017. 






Figure 2. The temporal changes in the ratios of laterality (frequency of righty morphs) in two scale-eaters, P. microlepis and P. straeleni, on the southernmost shoreline of Lake Tanganyika over a 30-year period from 1988 to 2017.



[image: Symmetry 11 00119 g002]







[image: Symmetry 11 00119 g003 550]





Figure 3. The relationship of laterality ratios between P. microlepis and P. straeleni. Red lines indicate that the change proceeds anti-clockwise, thus the change in P. microlepis follows that in P. straeleni. Blue lines proceed clockwise, indicating the opposite pattern. 
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Table 1. The combination of morph types between each scale-eater and its victim fish. R and L represent the righty morph and lefty morph, respectively.
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Species

	
Scale-Eater

	
Victim Fish

	
Species

	
Scale-Eater

	
Victim Fish






	

	

	
R

	
L

	

	

	
R

	
L




	
P. microlepis

	
R

	
3

	
19

	
P. straeleni

	
R

	
4

	
21




	
L

	
25

	
6

	
L

	
22

	
4




	

	

	

	
Total: 53

	

	

	

	
Total: 51
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