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Abstract There is evidence that individuals in animal groups benefit from the presence of knowledgeable group members in different ways. Experiments and computer simulations have shown that a few individuals within a group can lead others, for a precise task and at a specific moment. As a group travels, different individuals possessing a particular knowledge may act as temporary leaders, so that the group will, as a whole, follow their behaviour. In this paper, we use a model to study different factors influencing group response to temporary leadership. The model is based on four individual behaviours. Three of those, attraction, repulsion, and alignment, are shared by all individuals. The last one, attraction toward the source of a stimulus, concerns only a fraction of the group members. We explore the influence of group size, proportion of stimulated individuals, number of influential neighbours, and intensity of the attraction to the source of the stimulus, on the proportion of the group reaching this source. Special attention is given to the simulation of large group size, close to those observed in Communicated by J. Krause V. Mirabet Laboratoire de Biométrie et Biologie Evolutive (UMR 5558), CNRS, Univ. Lyon 1, 43, bd 11 nov, 69622 Villeurbanne Cedex, France V. Mirabet (*) ENS Lyon RDP (UMR 5667), 46 allée d’Italie, 69364 Lyon Cedex, France e-mail: [email protected] P. Fréon : C. Lett UR097 Ecosystèmes d’Upwelling, Institut de Recherche pour le Développement, Centre de Recherche Halieutique Méditerranéenne et Tropicale, Avenue Jean Monnet, BP 171, 34203 Sète Cedex, France



nature. Groups of 100, 400 and 900 individuals are currently simulated, and up to 8,000 in one experiment. We show that more stimulated individuals and a larger group size both induce the arrival of a larger fraction of the group. The number of influential neighbours and the intensity of the stimulus have a non-linear influence on the proportion of the group arrival, displaying first a positive relationship and then, above a given threshold, a negative one. We conclude that an intermediate level of group cohesion provides optimal transfer information from knowledgeable to naive individuals. Keywords Individual-based model . Group . Stimulus



Introduction Schooling is usually considered as a coherent collective displacement without leadership or hierarchy within the group (Pitcher 1983; Huth and Wissel 1992; Nonacs 2001; Parrish et al. 2002). Nevertheless, schools display complex foraging or migration patterns. The mechanism underlying the oriented change of direction of a school remains unclear. The question rises whether a temporary or “circumstantial” leader is present and followed by conspecifics (Levin 1996), or if all fish equally participate to the choice of the direction that will be chosen by the school (Huth and Wissel 1993, 1994). The second hypothesis is supported by the fact that fish schools tend to be homogeneous structures, where all individuals avoid any “oddity effect” (Hoare et al. 2000), i.e. any difference compared to their conspecifics. It has been shown that colour (Bradner and McRobert 2001), size (Fréon 1984; Hoare et al. 2000) and familiarity (Griffiths and Magurran 1999) were the criteria used by fish to choose schools where their own characteristics were shared by many of the
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group members. Nevertheless, individuals within schools can be of different ages or even different species (review in Fréon and Misund 1999) and have different life histories. Magurran (1993) and Reader and Laland (2000) showed that there are behavioural variations among individuals of a group. These variations concern the management of food resources, i.e. find the food and collect it, and awareness. Precise positioning of individuals inside the group can be a consequence of such differences (Krause et al. 1992; Couzin et al. 2002). Moreover, the presence inside a school of one or more individuals that aim toward a privileged direction or position has a great influence on the entire school direction (Romey 1996; Huse et al. 2002; Couzin et al. 2005). This observation based on computer simulations is confirmed by tank experiments where schools are confronted with choices between different trajectories: fish tend to swim along the way known by some skilled individuals (Laland and Williams 1997; Reader et al. 2003). Moreover, fish knowing the position of food patches can “lead” the whole school to these sites (Reebs 2000). Simply put, the school may correctly react toward a stimulus when a few individuals are sensitive to this stimulus while most individuals are not. Finally, some individual fish can induce a fright reaction of the whole school when they are exposed to a stimulus perceived as dangerous only by them (Soria et al. 1993). These observations lead to the notion of diversified or temporary leadership. No permanent leader can be defined in animal groups like fish schools or bird flocks, but some individuals can possess behavioural clues that make them temporary leaders in particular situations, while other individuals are neutral (Levin 1996). Those leaders would be able to influence their proximate neighbours. Day et al. (2001) showed that the size of a school influences the efficiency of information transfer between individuals. Ward et al. (2004) showed that individuals entering a new school only refer to the nearest neighbours to estimate the overall composition of the school. Individual influences occur mainly through local interactions because individuals cannot perceive a large range of their environment, and the whole group’s behaviour is an emergent consequence of the individuals’ interactions. Therefore, a better understanding of these interactions can reveal the link between them and the group behaviour as an entity. The aim of our work is to use a model of animal grouping to study how different factors, like the group size or the amount of interactions with neighbours, may have an impact on the ability of a few individuals to influence a whole group. This study broadens the understanding of how information can spread through a group without the need of social rules, by investigating the conditions for an efficient information transfer. It also emphasises the lack of individual behavioural complexity needed to achieve such



crucial choices like choosing a group direction. This question is essential to understand the spatial dynamics of some fish populations whose exploitation is mainly based on their attraction by baits (review in Fréon and Misund 1999) or by special features like floating objects, seamounts or large marine mammals (review in Fréon and Dagorn 2000). The topic is also of interest for terrestrial animals such as ungulates, insects or birds, which share similar grouping behaviour with fish (Parrish and Hamner 1997). Here, we focus on a hypothetical situation where all individuals would seemingly benefit from access to the stimulus location. Situations could occur where the stimulus would negatively impact some individuals of the group. In this case, the social force leading the naive individuals to this location would be negative. Most models of animal groups in motion, including the one we use, are based on attraction/repulsion/alignment behaviours: individuals are attracted by group members unless they get too close and are then repelled, and tend to adapt their directions to that of other group members (Lett and Mirabet 2008). Some of these models were already used to study the influence on the group of a few individuals possessing particular attraction/repulsion characteristics (Romey 1996), a biased direction (Couzin et al. 2005) or attraction to a point (Huse et al. 2002). In this work, we study how some individuals tending to move toward a source of stimulus may influence the rest of the group. The size of the group, the intensity of the stimulus, the number of neighbours influencing each individual and the proportion of stimulated individuals will be taken into account and their influence studied. In the first part of the work, we will explore a complete set of simulations where all the former parameters will vary within specified ranges, but with a limited number of simulated individuals. In the second part of the work, we complement these results using a reduced number of parameters sets, chosen for being representative of the mean results obtained during the first set of experiments, with a higher number of individuals. Variables used in this study were already taken into account in previous works (population size: Viscido et al. 2005, number of influential neighbours: Inada and Kawachi 2002, Viscido et al. 2005) but for different aspects of schooling behaviour. Our work has similarities with the modelling studies of Huse et al. (2002) and Couzin et al. (2005) who also addressed information transfer in groups. Here, special attention is given to the simulation of large group size, close to those observed in nature. Groups of 100, 400 and 900 individuals are simulated, and up to 8,000 in one experiment (versus 450 individuals in Huse et al. 2002; 200 in Couzin et al. 2005), clearly demonstrating that the effects of a large increase of the group size is substantial. We investigate the effects of the number of influential neighbours (i.e. of group cohesion), and a wider range of values for the
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stimulus intensity (i.e. of individual driving force level). We also perform sensitivity analyses on a large set of simulations, which allows us to define the relative influence of each parameter and their interactions. Huse et al. (2002) measured the proportion of the entire school response, noting that “In most cases the school responded completely or not at all”. Couzin et al. (2005) examined group fragmentation, but they also focussed on conditions where it did not occur. In contrast, group fragmentation is at the core of the present study, and will be largely referred to in the discussion of our results.



Materials and methods The model The model description follows the Overview-DesignDetails (ODD) protocol for describing individual- and agent-based models (Grimm and Railsback 2005; Grimm et al. 2006) and consists of six elements (the ODD protocol includes a seventh element, “submodels”, that is not relevant here as there is no submodel). The first three elements provide an overview, the fourth element explains general concepts underlying the model’s design and the remaining two elements provide details. Purpose The model is an animal grouping model based on four individual behaviours. Three of those, attraction, repulsion, and alignment, are shared by all individuals. The last one, attraction toward the source of a stimulus, concerns only a fraction of the group members. The purpose of the model is to study the influence of group size, proportion of stimulated individuals, number of influential neighbours, and intensity of the attraction to the source of the stimulus, on the proportion of the group reaching this source. Two variables have been defined to assess the arrival of



individuals at a small area around the stimulus location, called the measure area. The first one, Pall, is the overall proportion of successful individuals, i.e. the number of individuals reaching the measure area, divided by the group size. The second one, Pstim, is the proportion of successful stimulated individuals, i.e. the number of stimulated individuals reaching the measure area, divided by the total number of stimulated individuals. State variables and scales The model makes use of three hierarchical levels: individual, group and environment. Individuals are characterised by the state variables: speed v, movement direction angle θ, field of perception, number of influential neighbours N, sensitivity to the stimulus (also called stimulus intensity) and position. v is a constant number and has been chosen referring to previous work (Huth and Wissel 1993). The change of θ per time step is limited by a maximum value θmax. The field of perception is a full disk with a diameter of 60U (arbitrary units) without dead angle and only concerns individual-to-individual perception. The stimulus is perceived by all stimulated individuals, whatever the distance. Values of the parameters used in the simulations are found in Table 1. Groups are characterised by the state variables: number of individuals and proportion of stimulated individuals (individuals that are sensitive to the stimulus). The environment is characterised by the state variables: location of stimulus and initial location of the simulated group. Individuals are dimensionless points located in an infinite bidimensional continuous space. The model proceeds in discrete time step. Every time step Δt individuals move at a distance vΔt = 5U (Table 1) that is small enough to produce a smooth movement of the individuals. The simulation lasts for 50,000 time steps. This duration was tested as being long enough to allow individuals to reach the source of the stimulus in the most unfavourable situations, e.g. when stimulated individuals have an extremely weak influence on the group.



Table 1 Parameters used in the simulations (distances are expressed in arbitrary unit (U)) Parameters



Exp. 1



Exp. 2



Exp. 3



Exp. 4



Maximal change of direction (θmax), (°) Displacement speed (v), (U/time step) Radius of field of perception (Dmax), (U) Proportion of stimulated individuals



15 5 60 0.01, 0.02, 0.05, 0.1 1, 4, 8, 16 10, 100, 1,000, 10,000 100, 400, 900



15 5 60 0.01, 0.02, 0.05, 0.1, 0.15, 0.2 1 to 40 (by 1) 1,000 100



15 5 60 0.02



Number of influential neighbours Stimulus intensity Number of individuals in the group



15 5 60 0.01, 0.02, 0.05, 0.1, 0.2, 0.4, 0.6, 0.8, 1 1, 4, 8, 16 100, 1,000, 10,000 100



The total number of simulations is 3,840, 2,160, 4,800 and 180 in experiments 1, 2, 3 and 4, respectively.



4 1,000 100, 400, 900, 1,600, 2,500, 3,600, 4,900, 6,400, 8,100



1.0
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Some virtual individuals use an additional rule which orients them toward a stimulus present in the simulation field. They will be referred to as “stimulated individuals”, and are initially randomly distributed within the group. Design concepts Emergence The proportion of the group reaching the source of the stimulus is the emergent property of the model. Sensing Individuals possess a field of perception within which they can assess the positions and moving directions of other individuals. Stimulated individuals also know the position of the source of the stimulus. Interaction Interactions between two individuals are of three types, attraction, alignment and repulsion, and are weighted by a function of the distance between the individuals (Fig. 1, Appendix). Individuals interact with their nearest neighbours and average the interactions they have with any of them. Stochasticity Stochasticity is only present in the initialisation phase (see below).



0.6



Weight



0.4



behaviours



0.2



1. Identify interacting group members. These are individuals in the field of perception. 2. Identify influential neighbours. These are the N closest interacting group members. 3. Update the direction θ using three rules: move toward distant neighbours (attraction), adjust direction to that of neighbours (alignment) and move away from near neighbours (repulsion). The intensity of each rule is related to the distance between the individual and its nearest neighbours (Appendix). 4. Move the individual to a distance vΔt in the new direction min(θ, θmax).



repulsion alignment attraction



0.0



Every time step, individuals update their movement direction considering the positions and directions of their neighbours, and then move simultaneously, using the following steps:



0.8



Process overview and scheduling
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Distance between individuals



Fig. 1 Weight associated to attraction, alignment and repulsion behaviours depending on the distance between an individual and one of its influential neighbours. Distance is in arbitrary unit (U)



Initialisation The group is initially constituted by placing individuals regularly within a square. The distance between individuals is set at 15U, i.e. the value that induces neutrality between attraction and repulsion behaviours (Fig. 1). All individuals’ initial directions are in positive x-direction. At each new simulation the stimulated individuals are chosen randomly among the individuals in the group. The upper left corner of the group being defined as the origin of the space, the stimulus location is placed at [0, 200U], which put it away from the group (above it in the simulation window). From time step 1 to 100, the stimulus is not active. This duration was chosen as long enough to allow individuals to adjust their relative positions and form a “flying crystal”, i.e. a group in which the relative positions of all individuals remain fixed. From time step 100, the stimulus is activated. Input The input is composed of the values of the variable parameters: proportion of stimulated individuals, number of influential neighbours, number of individuals in the group and stimulus intensity (Table 1). The stimulus produces a force that attracts stimulated individuals. An intensity of 10 is that of a stimulus attracting an individual ten times more than all its neighbours.



Collectives The rules of interactions between individuals are designed to induce the formation of a group.



The simulations



Observation The variables measured are the proportion of individuals arrived at the stimulus source at the end of the simulation, computed for either all individuals (Pall) or only the stimulated ones (Pstim).



We first designed an experimental plan to explore the influence of four above-mentioned parameters on the two output variables (experiment 1). Different values for these four parameters were used (see Table 1), and all possible
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combinations of parameters values were considered. In order to study the potential effect of the initial random placement of the stimulated individuals, 20 repetitions for each set of parameters were performed. This resulted in a set of 4 × 4 × 4 × 3 × 20 = 3,840 simulations. We then explored further, or extended, some of the results obtained on the overall proportion of successful individuals (Pall) in experiment 1 for a limited number of parameter sets chosen for being representative of the mean results obtained in the first experiment. We considered a wider range of values for the proportion of stimulated individuals (experiment 2), we explored further the influence of the number of influential neighbours (experiment 3), and finally we simulated groups of larger sizes (experiment 4). However, it was not possible to explore the influence of this last parameter for a large number of parameter sets because of the extensive computation cost. Sensitivity analyses of Pall or Pstim as the dependent variable were performed on the independent variables using the general linear model (GLM) module of the SAS software package (SAS Institute Inc 1988). The quantitative variables were first considered as factors and categorised according to the simulation experiments, which allows identifying non-linear effects. When the effect was obviously linear, the variable was no longer categorised and used as a covariate (no linearisation of the covariate was intended in order to avoid non-linear changes in the variance). We first ran a full crossed model with all possible first-degree interactions plus the repetition effect uncrossed. Because the number of data points is high and the design is fully balanced, an optimal GLM (including all the significant variables) would be over-parameterised, and some parameter estimates would be biased and/or not unique estimators. We made use of the Akaike information criterion (AIC) to make sure that our final models were parsimonious enough, but this criterion, as derived or similar criteria, is not adapted here because it is too conservative. AIC values suggested retaining very complex models incorporating all interactions of first order and some of second order, even when their relative contribution to the model was as small as 0.01%. As stressed by Lebreton et al. (1992), instead of intending to obtain the ideal model



explaining the highest percentage of variance, it is preferable to allow some secondary and hypothetical effects in the residuals and to focus on the main effects in the model. Therefore, a stepwise procedure was then used to manually select a more parsimonious “sub-optimal” GLM according to two criteria: the P value (factors with P > 0.01 were withdrawn) and the relative contribution of the factor to the variance explained by the model (factors with contribution 
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