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Tropical tuna associated with floating objects: a simulation study of the meeting point hypothesis Laurent Dagorn and Pierre Fréon



Abstract: Among the different assumptions proposed to explain why tropical tuna aggregate around floating objects (“logs”), one of the most recent is that floating objects may represent meeting points for tuna. This “meeting point hypothesis” proposes that tuna can use these floating objects to form larger schools after school fission or dispersion. The influence of meeting points on tuna school sizes is explored through different individual-based models that consider a single fusion rule and a variety of fission rules based on energetic considerations, the role of school size on school cohesion, predator attacks, and dispersion during the night. Results are first analyzed using an averaging approach to study the overall mean school size in habitats having different floating object densities. Second, a dynamic approach is used to compare the temporal dynamics of associated and free-swimming school sizes. The averaging approach indicates that in all the models (except those based on energetics), floating objects increase school size, at least up to a certain object density. The dynamic approach clearly illustrates different dynamics in the school size of associated and free-swimming schools. Most of our models show that tuna associated with logs resume schooling in larger schools after fission events. Résumé : Parmi les différentes hypothèses proposées pour expliquer pourquoi les thons tropicaux s’agglomèrent autour d’objets flottants (« billots »), l’une des plus récentes est que les objets flottants pourraient représenter des points de rencontre. Selon cette hypothèse du « point de rencontre », les thons pourraient utiliser ces objets flottants pour former de plus grands bancs après division ou dispersion des bancs. L’influence des points de rencontre sur les tailles des bancs de thons est examinée au moyen de modèles fondés sur les individus qui utilisent une règle de fusion unique et diverses règles de division fondées sur des considérations énergétiques, le rôle de la taille du banc dans sa cohésion, les attaques des prédateurs et la dispersion nocturne. On analyse d’abord les résultats suivant une méthode d’établissement de moyennes pour étudier la taille moyenne globale des bancs dans des habitats où l’on trouve diverses densités d’objets flottants. Deuxièmement, on applique une méthode dynamique pour comparer les dynamiques temporelles des tailles des bancs associés et libres. La méthode des moyennes montre que, suivant tous les modèles (sauf ceux basés sur l’énergétique), les objets flottants accroissent la taille des bancs, au moins jusqu’à une certaine densité d’objets. La méthode dynamique, quant à elle, révèle clairement que les dynamiques de la taille des bancs associés et libres sont différentes. La plupart de nos modèles montrent que les thons associés aux billots reforment de plus grands bancs après les divisions de bancs. [Traduit par la Rédaction]



Dagorn and Fréon



Introduction Tropical and subtropical fish aggregate around floating objects of various kinds (Gooding and Magnuson 1967; Hunter and Mitchell 1967; Fonteneau 1993). This phenomenon has taken on great importance in tuna fisheries. Fishers search for floating objects (and also construct and release artificial ones) because they know that finding these objects will increase their chances of finding and catching tuna. Catches ranging from a few hundred kilograms to several hundred tons of tuna are taken from under logs or floating Received May 27, 1998. Accepted December 1, 1998. J14610 L. Dagorn.1 ORSTOM, BP 529, Papeete, French Polynesia. P. Fréon. ORSTOM/SFRIM, Private Bag X2, Rogge Bay 8012, Cape Town, South Africa. 1
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objects such as timber, kelp, branches, or debris. In recent years, most of the world catch of tropical tuna has been taken under floating objects (Fonteneau 1993). Tuna caught near floating objects are generally smaller than those not associated with objects, particularly in the case of yellowfin tuna (Thunnus albacares). The net result of this has been an increase in the proportion of juvenile fish in the total catches. Consequently, fishers voluntarily decided to prohibit tuna catches under floating objects in the eastern Atlantic Ocean for a period of 3 months beginning November 1, 1997. Tuna aggregations around logs (the terms “log” and “floating object” will be used interchangeably) has become a fundamental issue in tuna biology and tuna fisheries. Why tuna associate with floating objects is still unknown. Ultrasonic tagging studies have contributed to an improved understanding of the effects of anchored fish-aggregating devices (FAD’s) on spatial behavior of yellowfin, skipjack (Katsuwonus pelamis), and bigeye tuna (Thunnus obesus) (Cayré and Chabanne 1986; Holland et al. 1990; Cayré © 1999 NRC Canada
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Fig. 1. Artificial habitat (30 × 30) with a random distribution of 10 floating objects (circles).
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1991; Bach et al. 1998; Josse et al. 1998; Marsac and Cayré 1998) but have not determined why these fish aggregate around FAD’s. In contrast with the study of anchored FAD’s, few ultrasonic tagging experiments have been performed on fish around drifting logs in the open ocean (except for one study by Yonemori (1982) with inconclusive data concerning horizontal movements) or on the behavior of tuna schools around such objects. Therefore, we have to rely on fisheries’ data and fishers’ observations for developing hypotheses. Fréon and Misund (1998) reviewed the different hypotheses proposed to explain the association of tuna with logs. These include hypotheses of the concentration of food supply (Kojima 1956), schooling companion (Hunter and Mitchell 1967), substitute environment (Hunter and Mitchell 1967), cleaning station (Gooding and Magnuson 1967), shelter from predator (Gooding and Magnuson 1967), spatial references (Klima and Wickham 1971), and comfortability stipulation (Batalyants 1992). Two promising hypotheses have been proposed recently: the generic log hypothesis (and related hypotheses, Hall 1992) and the meeting point hypothesis (Soria and Dagorn 1992; Fréon and Misund 1998). This paper explores the meeting point hypothesis, which proposes enhancement of fish aggregation by floating objects through improving the encounter rate between small schools or between isolated individuals or both. We think that logs can help tuna to form larger schools, as suggested by fisheries statistics, and we will test the following null hypothesis: the presence of logs does not increase school size. Log-associated schools are usually larger than freeswimming schools, especially in the eastern Atlantic (Fonteneau 1993), assuming that catches in a purse-seine set reflect relative school sizes. This is a relatively common assumption in fisheries science in the absence of precise studies on the quantification of different biases (such as net



saturation for large schools or overlooking small schools). Being a member of a large school is believed to provide many advantages to schooling fish in general. Fish foraging in schools gain benefits through faster location of food, more time for feeding, more effective sampling, information transfer, and opportunity for learning by social facilitation and can perform a repertoire of antipredator behaviors that reduce the risk of predation (Pitcher and Parrish 1993). The aim of this study is to evaluate the effects of logs on school sizes on the basis of different assumptions about tuna behavior. Since it is difficult to design in situ experiments on tuna aggregations around logs, computer models are used to explore the meeting point hypothesis. To the best of our knowledge, this is the first attempt to study the impact of floating objects on school sizes. The models used belong to the family of individual-based models that have been applied to terrestrial ecology (see Huston et al. 1988; Hogeweg and Hesper 1990) and fish ecology (Tyler and Rose 1994). Scheffer et al. (1995) listed the main advantages of this approach: (i) input parameters in such models are similar to those measured by experimental biologists, (ii) model behavior is often robust to variations in formulation of the processes, and (iii) individuals are taken as natural units, which is realistic and intuitively straightforward. Our initial intention was to model the individual behavior of a large number of fish. However, in order to simulate the behavior of several schools, it was necessary to model thousands or millions of individuals. Scheffer et al. (1995) experienced similar problems and proposed the concept of superindividuals in order to represent a population by a smaller number of units. Superindividuals are classes of individuals for which parameters in the model (e.g., energetic state) are identical. We used the same concept to simplify the computation in our models. The elementary unit of the models is therefore not a single fish but a small group of fish (composed of s individuals), and several units (N) can merge to form a larger school (composed of N units, i.e., Ns individuals). The aim here is not to study the organization of fish within schools but the organization of schools in relation to floating objects. All fish are assumed to be identical in terms of size and species. Five different models (models 0–IV) are used to test hypotheses of tuna behavior.



Material and methods Modeling tuna habitat In the models the habitat is defined as a lattice (30 × 30) composed of 900 small squares that are our basic space units. The opposite ends of the lattice are joined to form a torus (so that fish never leave the modeled habitat). The distribution of floating objects within this artificial habitat is random (Fig. 1). Where prey are included, we distribute them homogeneously throughout the habitat (model I), an acceptable simplification already suggested by Duffy and Wissel (1988), and predators (model III) can attack tuna schools anywhere in the habitat.



Time, space, and population scales considered in the model The dimension of a square in the habitat corresponds to the dimension of the area of action of a floating object. From ultrasonic tagging studies on individuals around anchored FAD’s (Cayré and Chabanne 1986; Holland et al. 1990; Cayré 1991; Marsac and © 1999 NRC Canada
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986 Cayré 1998) and from models (Hilborn and Medley 1989; Kleiber and Hampton 1994), the radius of an area over which a floating object has an effect is estimated to be 7–13 km (4–7 nautical miles). We decided to use the lower value of this action range (7 km) for the dimensions of the squares. The lattice of 30 × 30 = 900 squares that represents the tuna habitat therefore corresponds to a 210 × 210 = 44 100 km2 area, or a 2 × 2° area, and is consistent with estimates of sizes of areas occupied by yellowfin tuna concentrations in the Atlantic Ocean (Fonteneau 1985). Different studies on tuna behavior around FAD’s (Cayré and Chabanne 1986; Holland et al. 1990; Cayré 1991; Marsac and Cayré 1998) indicate swimming speeds between 0.5 and 2 m·s–1 (1–4 knots). Considering the length of one square in the modeled habitat (7 km) and in order to match in situ swimming speed estimates, it was decided to set the time step to 2 h (time for a tuna to cross one square). One day is therefore equivalent to 12 time steps and each simulation lasts 360 time steps (1 month). About 135 000 tuna are caught in a typical tuna concentration, and the smallest sets made on such concentrations are composed of about 150 individuals (Fonteneau 1985). Although smaller schools can exist, they are not likely to be worth fishing on. A reasonable size for our elementary group unit s could be 50 individuals. Combining Fonteneau’s (1985) estimates and 50 individuals as the group unit, we decided to test 2500 and 500 basic group units as the size of local tuna populations. These numbers of units represent, respectively, the typical exploited concentration (2500 × 50 = 125 000 individuals) and less dense concentrations (500 × 50 = 25 000 individuals). In our models, only one log can occupy one square (49 km2). Logs must be separated by at least two squares to avoid overlapping of attraction areas (Fig. 1). The only available data on the frequency of logs in the open ocean come from observers from the Inter-American Tropical Tuna Commission onboard fishing vessels. It appears that the presence of floating objects is very patchy and very seasonal. From 1992 to 1994, the estimated modal density of logs observed per 3-month period fluctuated between 5 and 15 logs per 1° square (R. Solana-Sansores, Inter-American Tropical Tuna Commission, Scripps Institution of Oceanography, La Jolla, CA 92037-1508, U.S.A., personal communication). These densities correspond to 20–60 logs in our 2 × 2° artificial habitat. We then tested all the models in habitats with a total of 0, 10, 20, 30, 40, 50, and 60 logs.



Can. J. Fish. Aquat. Sci. Vol. 56, 1999 schools, different fission rules derived from studies on other species will be considered in this work. In models I and III, schools may suffer perturbations that make them increase their speed to two squares per time step. We assume that these accelerations result in splitting of the school. In model II, large schools have greater probabilities of breaking up than small schools, and swimming speed of the resulting new schools is increased. This last rule allows us to keep the fission events between the models (models I– III) consistent and ensures that associated schools can leave floating objects. In these models, the number of new schools resulting from a fission event is limited to two, and these two schools have a random size, the sum of which equals the size of the original school. When a perturbation affects an associated school, it results in the emergence of two nonassociated schools located two squares away from the floating object. In model IV, schools split into elementary units at night. A common assumption in all these models is that floating objects are easier for tuna to locate than are conspecifics (tuna can detect conspecifics during a time step only when they are located in the same square). Some ultrasonic studies (Holland et al. 1990; Cayré 1991; Bach et al. 1998; Josse et al. 1998; Marsac and Cayré 1998) have shown that tuna are able to return directly to a FAD from distances up to 13 km (7 nautical miles) away. Nevertheless, it is still unclear whether tuna are able to sense stimuli generated by a floating object at this distance or whether they navigate after memorizing its geographical position. No study has yet provided similar observations of direct routes for the location of distant schools, even for other pelagic schooling species. Fréon and Misund (1998) discussed the learning capabilities of fish and the senses (auditory, chemotaxis, and vision) that tuna are most likely to use to locate floating objects over longer distances than the schools. In this study, five different models were used to test hypothesis of tuna behavior. Table 1 summarizes the different assumptions used in each model.



Model 0 (no fission) This basic model does not include a fission rule. We simply consider the attraction rule and the meeting point hypothesis. The aim of this oversimplified model is to quantify the influence of logs on school sizes without any perturbation due to fission. The other models are derived from this basic model by adding different fission rules.



Modeling tuna behavior We consider any floating object as a potential “meeting point” where tuna schools can converge, find other schools, and merge with them. The rule implemented in the models is basic: when a school is in the range of attraction of a floating object, it simply converges to it. When a school is in the vicinity of a floating object, it does not move from there until a perturbation occurs (see below for explanations of a perturbation). If no floating object is detected, the school randomly moves to one of the four adjacent squares (random walk model, at a regular speed of one square per time step). Tuna schools either join together to form larger schools or break up into smaller schools depending on the prevalent behavior (avoiding predation, feeding, etc.). This can be achieved by setting positive and negative rules (or attraction and repulsion rules, fusion and fission rules), which is usual in schooling models (Aoki 1982; Huth and Wissel 1992) or in more general grouping models (Gueron and Levin 1995). In all the models (except model IV during nighttime), gregarious behavior is an obligate behavior, regardless of the values of other parameters. Hence, when two or more schools are located in the same square at the end of a time step, they are supposed to encounter each other, mix, and form only one school. In the absence of any documented observation on processes of splitting of tuna



Model I (energetic) This model is based on energetic considerations and the incorporation of artificial prey units in the habitat. Despite the benefits gained by increasing school size in terms of predator avoidance and foraging, some costs such as competition can also increase with school size. This suggests the existence of a trade-off and a critical school size where benefits equal or exceed costs (Pitcher and Parrish 1993). In this model, at the end of each time step and for a given square, n individual schools i of size Nis will merge in a single tuna school of size Ns = ΣnNis, and the fish in this resulting school will have consumed N = ΣnNi units of energy per time step (one unit of energy per group unit). Let us define P as the amount of prey that is located in the same square. If P ≥ N, the number of prey left after the consumption by all the tuna in a given square during one time step is P – N, and these tuna schools have a positive energetic balance for this step. If P < N, there are no more prey left and those schools have a negative energetic balance. When a tuna school has a positive energetic balance, it keeps its internal structure and its swimming speed of one square per time step. However, when the tuna school has a negative energetic balance, the swimming speed increases from one to two squares per time step and this school will split in two. Indeed, as suggested by Atema (1980) for tuna and observed for many terrestrial species © 1999 NRC Canada
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Table 1. Description of the different models with their corresponding assumptions. Model



Meeting point hypothesis



Fusion rule



Fission rule



0 (test)



At each time step, all group units located in the same spatial unit aggregate in a single school As above



No fission rule



I (energetic)



At each time step, schools converge to any floating object detected in one of the four adjacent squares As above



II (school size)



As above



As above



III (predation)



As above



As above



IV (night dispersion)



Only during daytime steps, schools converge to any floating object detected in one of the four adjacent squares



Only during daytime steps, all group units located in the same spatial unit aggregate in a single school



At the end of each time step, if P ≥ N in a square, the school splits into two schools of random size At each time step, each school can split into two schools of random size (with a probability proportional to its size Ns) After each of 12 time steps (on average), schools split into two schools of random size Every 12 time steps and during six time steps (night), all schools of size Ns > s split into N schools of size s



Note: s = elementary school unit = 50 individuals, N = number of elementary school units in a given school, P = amount of prey required by an elementary school, and n = number of schools in the same square, before fusion.



(reviewed by Benhamou 1992), a common reaction in low prey density areas is to speed up in order to vacate the area and thereby increase the chance of encountering new prey. Two different processes for supplying prey have been considered in this model. In the first case (model Ia), prey appear at a regular rate in each square during the first half of the simulation (180 steps), representing an enrichment process. For the two simulated tuna populations of 500 and 2500 group units, eight and 34 prey units, respectively, appear every six time steps in each square. During the second half of the simulation, no more prey are incorporated in order to simulate an impoverishment process. In the second case (model Ib), prey are renewed at a regular rate during the entire simulation: four and 17 prey units, respectively, appear every six time steps in each square for tuna populations of 500 and 2500 group units. The total quantity of prey injected into the habitat at the end of a simulation is then identical in both cases. It corresponds approximately to the quantity needed by the tuna population to meet its metabolic requirements according to our initial assumption.



Model II (school size) In model II, we consider that the probability of school fission is proportional to school size, a reasonable hypothesis often used in group models (Anderson 1981; Bakun 1989; Gueron and Levin 1995). This probability varies linearly between 0 (N = 1) and 1 (N ≥ 500). We assume that large schools are more likely to break up because of increased difficulties in maintaining their internal structures.



Model III (predation) At each time step in the model, each school can be attacked by a predator or a school of predators according to a fixed probability of attack. This probability has been set to 1/12, which corresponds to about one attack per day. When a school is attacked, it splits into two schools of random size.



Model IV (day/night) In other models (models I–III), we ignored situations where tuna schools form loose structures or are dispersed during nighttime, as is typical of many other schooling fish (Blaxter and Hunter 1982),



because this behavior is not documented in tuna. In model IV, we assume that convergence around floating objects can help tuna resume schooling in larger schools than if there were no meeting points. The bulk of log school fishing occurs early in the morning, which suggests that tuna tend to leave log areas when the sun rises and to gather under logs during the night (Hallier and Parajua 1992). This circadian behavior is opposite to the circadian behavior observed by ultrasonic tagging experiments performed on tuna associated with anchored objects (Cayré and Chabanne 1986; Holland et al. 1990; Cayré 1991; Marsac and Cayré 1998). In this model, every 12 time steps (at the beginning of each night), each school of size Ns splits into N schools of size s. This rule implies that from the beginning of the night and all night long (six steps), the number of schools in the habitat equals the size of the population expressed in the number of group units, and the school size is equal to one unit. In this model, we assume that group units are able to merge or to aggregate under floating objects only during daytime steps.



Quantification of the effects of association with logs Comparisons between the sizes of free-swimming schools and the sizes of associated schools are not sufficient to study of the effect of association with logs on tuna. A free-swimming school could have been previously associated with an object and therefore could have already benefited from it by increasing its size. As a result, we have identified two complementary approaches for assessing the impact of logs on school size: (i) an averaging approach, which compares the overall mean school size (of both associated and free-swimming schools) in habitats having different densities of floating objects, including zero, and (ii) a dynamic approach, which simultaneously compares the temporal evolution of school size of associated and free-swimming schools. Assuming that these two types of schools live in the same environment and interact with each other, we cannot ignore their simultaneous temporal dynamics. In the averaging approach, 50 simulations of 360 steps each (30 days) were performed to obtain overall mean school sizes for each model and each set of parameters (0, 10, 20, 30, 40, 50, or 60 logs and 500 or 2500 group units). Model IV was treated differently because of its fission rule, and only the school sizes at the © 1999 NRC Canada
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988 end of each day in the simulation (every 12 time steps) were analyzed. In the dynamic approach, we only analyzed a selection of typical time series from 50 simulations with 50 logs and 2500 group units. We compare the speed of school rebuilding after fission events in associated schools versus free-swimming schools.



Results Averaging approach First, for any of the tested models, an increase in the size of the population from 500 to 2500 group units does not change the shape of the relationship between the number of floating objects and the school size but only increases the overall mean school size. The influence of an increase in floating object density on the overall mean school size varies among the different models (Fig. 2). In models 0 and I, the addition of floating objects in the habitat tends to decrease the school size, except in model 0 where this decrease only starts at 10 logs (the difference in school size between 0 and 10 is not significant, p = 0.9). For more than 10 logs in the habitat of model 0, school size decreases exponentially (slope of the exponential regression significantly different from zero, p < 0.001), resulting from the competition between floating objects for aggregating the whole population in the absence of any fission rule. In model 0, the mean school size in 60-log habitats is three times smaller than the mean school size in 0- or 10-log habitats. In model Ia, and especially in model Ib, the decrease in mean school size is slower than that in model 0. Nevertheless, the slope of the exponential regression is highly significant in both models Ia and Ib (p < 0.001). In contrast with these first three models, the addition of up to 30 floating objects in the habitat of models II and III results in a significant increase in the mean school size (slopes of the linear regressions differ significantly from zero, p < 0.001, and our null hypothesis is rejected). For more than 30 floating objects, mean school sizes decrease significantly (p < 0.001). In model IV, a significant increase in mean school size is observed when log density is increased (slope of the linear regression differs significantly from zero, p < 0.001), despite a slowing down of this increase at a density of 30 logs. Temporal dynamics of log and free-swimming schools Figure 3 presents time series of school size for the different models in 50-log habitats and 2500 group units. Typical examples of the results obtained from single runs of 30 days are displayed for the different models (5 days for model IV) because average values over many runs would have resulted in a smoothing of the time series. A common result of many of these models (except for models 0, Ia, and, to a lesser extent, II when log density is high) is that free-swimming schools in habitats with logs exhibit temporal size dynamics similar to those of schools in habitats without logs (Figs. 3b–3f). This result suggests that the addition of floating objects to an area does not strongly impact upon the size of free-swimming schools. Another common result is that the dynamic pattern of school size is not affected by an increase in the population size (only the school size is increased). We therefore restrict our discussion and figures to the 2500 group units.



Can. J. Fish. Aquat. Sci. Vol. 56, 1999



In model 0 (no fission rule), when there are no logs in the habitat, the whole simulated population tends to aggregate as the number of time steps approaches infinity. This is illustrated in Fig. 3a by the constant increase in school sizes in the zero-log habitat. A comparison of the changes in school sizes in associated and free-swimming schools during the first time steps clearly shows the advantage of using logs to form large schools rapidly from a dispersed population. Associated schools are always larger than free-swimming schools (regardless of the number of logs in the area; results not shown). In this first model, a school located under a floating object cannot abandon it, due to the absence of any fission or departing rule and a constant aggregative behavior. Therefore, the logs continuously aggregate all the freeswimming schools. When all tuna are associated with logs, the mean size of associated schools logically corresponds to the total size of the population divided by the number of logs. It follows that mean sizes of associated schools decrease when the number of logs in the area is increased, due to competition between logs to attract free-swimming schools. The subsequent models indicate what happens when realistic fission rules are added to this basic model. In model Ia, where prey are input during the first half of the simulation, schools in zero-log habitat logically increase their size during the enrichment phase (Fig. 3b). When no more prey are added to the habitat (second half of the simulation), the mean school size decreases. Associated schools and free-swimming schools follow the same pattern, but variability is greater in associated schools. In the first half of the simulation (enrichment process), log schools are smaller than zero-log habitat schools, but at the end of the impoverishment process, the three types of schools display similar sizes. Figure 3b shows an interesting feature. During the last half of the impoverishment process (from step 271 to 360), associated schools are larger than free-swimming schools and zero-log habitat schools for 82 and 79% of the time, respectively. This result suggests that logs contribute to the formation of larger tuna schools, despite the high variability. Model Ib shows a stable distribution of school sizes over time (Fig. 3c) because of the constant replacement rate of prey. In addition, associated schools and free-swimming schools have similar sizes. A comparison of the results from the two submodels that include processes of input (models Ia and Ib) indicates that the mean school sizes of the different school types reach similar values towards the end of each simulation, but, as expected, the dynamics of school size in each model are different. Towards the end of each simulation, associated schools are slightly larger than freeswimming schools in model Ia (enrichment and then impoverishment, which seems to be the more realistic) compared with model Ib (regular renewal rate). In model II (school size), log schools are often slightly larger than free-swimming schools (Fig. 3d), especially when log density and fish density are high. This result was even more pronounced for the case of low log density and fish density (10 logs and 500 groups; not shown). In model III (predation), the presence of logs results in very large schools compared with free-swimming schools and schools in zero-log habitats (Fig. 3e). If large schools are assumed to be effective for reducing predation, then logs can be considered as efficient antipredator tools. © 1999 NRC Canada
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Fig. 2. Overall mean size (± 1 SD) of free-swimming and associated schools in habitats with different numbers of logs for the six models. Large and small circles correspond to simulations of population sizes of 2500 and 500 elementary units, respectively.
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The advantages provided by logs in promoting the formation of large schools are obvious in model IV (day/night). Log schools are larger than free-swimming schools during daytime (Fig. 3f). At night, tuna disperse so that school sizes are minimal. During the day, tuna associated with logs aggregate rapidly at the start of each day and school size increases continuously throughout the day.



Discussion The meeting point hypothesis assumes that fish use logs as spatial cues where they can converge and find conspecifics in order to form larger schools. In the wild, logassociated schools appear, on average, to be larger than freeswimming schools (Hall 1992; Fonteneau 1993). However, © 1999 NRC Canada
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Can. J. Fish. Aquat. Sci. Vol. 56, 1999



Fig. 3. Temporal changes in the school sizes of tuna in habitats without logs (broken line), of free-swimming schools (solid thin line), and of schools associated with logs (solid thick line) in 50 log habitats. Results are shown for a local population size of 2500 group units during 360 time steps (except model IV, 60 time steps). (a) Model 0 (no fission rule); (b) model Ia (energetic, enrichment and then impoverishment processes); (c) model Ib (energetic, constant replenishment rate); (d) model II (school size); (e) model III (predators); (f) model IV (day/night).
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the comparison between the mean sizes of associated and free-swimming schools can be misleading because a freeswimming school could have been associated with an object previously and therefore may already have benefited from it



by increasing its size. We believe that the role of logs in school sizes should be studied in two different ways: (i) using an averaging approach and (ii) using a dynamic approach, where time series of associated and free-swimming © 1999 NRC Canada
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Table 2. Changes in school size (associated and free-swimming schools) in different models according to two criteria: (i) number of logs (averaging approach; +, increase; –, decrease) and (ii) time (temporal dynamics; , mean log school size smaller than, equal to, or larger than swimming school size, respectively). f( ): criterion. Model



Averaging approach f (number of logs)



Temporal dynamics f (time)



0 Ia



––– ––



Ib II III IV



– + + then – + + then – + + then +



> < = > = > >



>> then then then or > > >>



= (10 logs) > (50 logs) = or > >



schools are compared. The first approach is related to the whole simulated population and deals with long-term benefits, whereas the second approach represents individual school behavior and short-term benefits. The results are summarized in Table 2, which shows that in all models, it is always advantageous, in either the long term or the short term, or both, for fish to use floating objects as meeting points to form larger schools. Models III, IV, and, to a lesser extent, II clearly show the advantage of using moderate density of logs for meeting, in both the short and long term. The basic model 0, which is the least realistic model due to the absence of any fission rule, clearly illustrates the fact that logs act as foci (“wells”) that concentrate schools until perturbations occur. When many floating objects attract tuna schools, the tuna population is shared among them and the mean school size is reduced. Adding fission rules to this basic model sometimes disturbs this behavior in a way that was not easy to predict before performing the simulations; this suggests that our models are not tautological. In model I (energetic), irrespective of the enrichment processes, increased log densities tend to reduce the overall mean school size. Because we did not fix any spatial relationships between prey and floating objects, the attraction of tuna to logs resulted in reduced abundance of prey near these floating objects (Fig. 4), even if the prey were initially homogeneously distributed in the habitat. This reduction, in turn, results in negative energy balances for tuna schools, which affect both the time of residence of schools around logs and their size. This result is supported by observations of the condition of skipjack tuna caught under floating objects by the Japanese fleet. These fish are leaner than skipjack tuna caught from free-swimming schools and therefore sell at higher prices on the Japanese markets for Katsuobushi ingredients (a popular Japanese dish) (Z. Suzuki, National Research Institute of Far Seas Fisheries, 5-7-1, Orido, Shimizu 424, Shizuoka, Japan, personal communication). However, in the wild, many different mechanisms can contribute towards a reversal of the simulated impoverishment around floating objects: higher concentrations of prey in the vicinity of floating objects if prey and object are trapped in the same retention area by hydrodynamic processes, activity of tuna when associated with a log (e.g., absence of any feeding motivation), a patchy distribution of log, prey, or tuna, different regeneration processes, etc. Additional scien-



tific data, especially condition or fatness indices per species and per school type, are needed to support this result. The dynamic patterns of model I show interesting details that cannot be deduced from the averaging approach, e.g., the large sizes of associated schools during a food-depletion process. In the other models (school size, predation, day/night), schools are always significantly larger when logs are present in the habitat. Moreover, the very first steps of each simulation of each model effectively indicate that logs help tuna to form larger schools rapidly when the starting point is assumed to be a complete dispersion of the population. Results from models I (energetic), II (school size), and III (predation) are not as clear as those obtained from model IV in this respect. This is because events responsible for fissions in these earlier models occur at the school level and affect schools at different time steps, whereas in model IV, diurnal rhythms affect schools simultaneously. Too many logs in the area do not always increase the school size, even in models II–IV. Models II and III show that competition between logs for aggregating tuna can balance their effect on increased school sizes. Above a certain threshold of log density, school size will not continue increasing. This finding is not influenced by the splitting rule, as the school sizes are far beyond the threshold set for obligatory splitting (N = 500). This result is important for understanding fisheries catch statistics. Fishers construct and deposit artificial objects to increase their chances of finding and subsequently catching tuna. Since the beginning of the 1990’s, tuna purse seiners have been using drifting FAD’s, which are labeled, easy to locate (e.g., radar reflectors, radio beacons), and frequently retrieved and redeployed elsewhere to enhance catches. Some FAD’s are equipped with echosounders that automatically transmit data to fishing vessels by radio. We can speculate from our models that deployment of too many floating objects in an area would decrease the school size. This phenomenon may lead to unexpected consequences such as schools being reduced to such small sizes that they are not worth fishing. The results of the models indicate that the effects of floating objects on school sizes (in an averaging and a dynamic approach) depend on the fission rules (Table 2). In this paper, we have designed models with specific fission rules, but in the wild, it is likely that many types of perturbations that are not yet identified are responsible for school fission. A limitation of our simulations is that after 2 h, no more than one school per square (49 km2) can be observed, which is not realistic. This oversimplification should not affect the trends observed in the simulations. Another limitation is that attraction areas of floating objects do not overlap in our artificial habitat. This assumption follows Holland et al. (1990) and Cayré (1991) who recommended that the minimum separation between adjacent anchored FAD’s should be about 20 km so that their fields of influence do not overlap. However, for high densities of floating objects such as 15 logs in a 1° area (60-log habitats), this rule implies that a third of the habitat attracts tuna, which appears to be unrealistic. In the wild, many drifting objects can aggregate in a small area, overlapping their fields of influence and consequently reducing the total attraction area in the habitat. It would then be necessary to compare the role of the spatial distribution of logs in tuna behavior. The conclusions of this study sup© 1999 NRC Canada
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Fig. 4. Contoured snapshot of model Ia during a simulation showing the spatial distribution of prey. The different grayscale levels correspond to different numbers of prey per square. The white crosses indicate floating objects.
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port the contention that more information on school dynamics (fidelity to floating objects, fission and fusion, etc.) is required in order to better understand the impact of logs on tuna school sizes. In conclusion, from our simulations, we can recommend two complementary approaches to in situ studies of the association of tuna with floating objects: (i) a comparison of mean school size of all the schools in habitats with different densities of floating objects and (ii) a simultaneous comparison of the dynamics of associated and free-swimming schools in the same area. In addition, in situ tuna tracking should be performed around logs. At present, we can only speculate on the evolutionary advantage of associative behavior. Model III shows that the use of logs after school dispersal following predatory attacks helps the fish to form larger schools. However, in this model, we did not consider the fact that the predators (marlins, sharks, killer whales, etc.) might also be attracted by floating objects because predators and tuna have been coevolving with floating objects in their habitat. In this kind of situation, the advantage of large schools associated with logs should be balanced by the



20



25
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disadvantage of being more easily located by predators. An important issue is that fishers have now detected the associative behavior of tuna and have quickly adapted their fishing strategy accordingly. They now behave as evolved predators and, consequently, they have substantially increased their tuna catches. It will probably take several decades (by learning and learning transmission), if not centuries (evolutionary process), for tuna to modify their behavior. If fishers keep exploiting this association and if tuna do not rapidly adapt to this particular type of predation, tuna populations may become endangered, especially skipjack tuna.
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