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Abstract

:

Moving animal groups consist of many distinct individuals but can operate and function as one unit when performing different tasks. Effectively evading unexpected predator attacks is one primary task for many moving groups. The current explanation for predator evasion responses in moving animal groups require the individuals in the groups to interact via (velocity) alignment. However, experiments have shown that some animals do not use alignment. This suggests that another explanation for the predator evasion capacity in at least these species is needed. Here we establish that effective collective predator evasion does not require alignment, it can be induced via attraction and repulsion alone. We also show that speed differences between individuals that have directly observed the predator and those that have not influence evasion success and the speed of the collective evasion process, but are not required to induce the phenomenon. Our work here adds collective predator evasion to a number of phenomena previously thought to require alignment interactions that have recently been shown to emerge from attraction and repulsion alone. Based on our findings we suggest experiments and make predictions that may lead to a deeper understanding of not only collective predator evasion but also collective motion in general.
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1. Introduction


Despite being made up of many distinct individuals, moving animal groups often appear to operate as one unit [1,2]. They are self-organizing aggregates that can assume a variety of group shapes, change group shape, and collectively perform a number of tasks [3,4,5,6] such as collective decision making [7], migration [8,9], foraging [10], and predator evasion [11]. Accomplishing these tasks requires that local information can spread effectively in the group. In particular, information about a predator attack at a specific location in the group must propagate through the group and result in a collective evasive response [12]. Empirical studies in animals across taxa, including birds and fish, have investigated the effect of predator attacks on moving groups and characterized the group response to these attacks. In particular, several studies have shown that the response is mediated through the initiation and spread of escape waves through the group in birds [11,13], fish [14,15,16], and insects [17]. Herbert-Read et al. 2015 [16] conducted experiments where schools of pacific blue-eyes (Pseudomugil signifer) moved in an annulus-shaped shallow water tank, and when the school approached a particular region in the tank, a piston shot out to simulate a predator attack. When undisturbed, the school assumed a polarized group configuration and swam around the annulus. When the piston shot out, in most trials, a small proportion of fish closest to it turned and swam directly away from simulated predator at an increased speed. These few fast evading fish then influenced other fish to also turn until the whole school had switched direction and continued to move away from the predator.



The standard explanation for how moving groups form and function is that each individual interacts locally with its nearby neighbors via some combination of three social forces, attraction, repulsion, and (velocity) alignment [5]. Theoretical studies using so-called self-propelled particle (spp) models have shown that a combination of these three forces at the individual level is sufficient to produce a range of stable groups [18,19,20,21,22,23,24,25,26], as well as groups that can perform collective decision making [27], migration, foraging, and predator evasion. In particular, various aspects of collective predator evasion have been studied using models that include alignment interactions [11,16,28,29,30,31,32]. However, empirical studies have established that several species of fish appear to not rely on alignment to organize their schools [33,34]; so an alternative explanation for this phenomenon in, at least, these species is required.



Recently, a number of studies have shown that several properties of moving animal groups previously thought to require the alignment interaction can be generated without it [35,36,37,38,39,40,41,42,43]. For example, attraction alone and combinations of attraction and repulsion have been shown sufficient to generate all three standard group types that alignment-based models can generate, including polarized (or aligned) groups [36,41,44] previously thought to require alignment interactions. Alignment-free models have also been shown capable of generating more disruptive phenomena, e.g., groups that spontaneously transition from one group type to another [42,43], as exemplified by schools of golden shiner fish [45]. Such dynamics had not previously been reported as producible using spp models and had even been conjectured impossible to generate using models of this type due to their inherent averaging of interactions [34].



Given the capacity of these recent alignment-free models to generate disruptive phenomena, investigating whether they can provide an attraction-and-repulsion-based explanation for collective predator evasion behavior in moving animal groups should be explored. This investigation is particularly important because several animals are thought to rely on attraction and repulsion alone to organize their groups [33,34,42,43]. This approach could also yield experimentally testable predictions for predator evasion in animals known to use alignment-free interactions. Additionally, comparing characteristics of alignment-free and alignment-based predator evasion may provide a deeper understanding of this phenomenon across taxa.




2. Model and Methods


Here, we adapt the self-propelled particle model introduced in [44] and subsequently shown capable of generating disruptive phenomena in [42,43]. In summary, in this model N particles are moving around at constant speed  δ . Each particle interacts with other particles within a distance of R from it, excluding those in a blind zone defined by an angle  β  behind the particle relative to its direction of travel. The particles that a particle is interacting with are referred to as its neighbors. On each timestep t, each particle determines its neighbors and updates its heading based on attractive and repulsive interactions with its current neighbors. See [42,43] for a full description of this base model. Here, we adapt this model to mimic the setup in the Herbert-Read et al. 2015 experiments [16]. The modifications and changes to the original model are described below.



	1.

	
The space on which the particles are moving is restricted to an annular region, modeled as two concentric circles with particles confined to move between them. We use the same slip boundary conditions as in [42,43], modified to work with these circular boundaries;




	2.

	
The particles are initialized in a polarized configuration (as observed in experiments) moving clockwise (CW) in the annular region. See Figure 1a;




	3.

	
As the group of particles approach a specified point with coordinates   (  x p  ,  y p  )   located inside the annular region ahead of the moving group, a predator attack is simulated at a specified time   t p  . All particles that are within a distance of   R p   from the predator attack point   (  x p  ,  y p  )   detect the predator when it becomes active at time   t p   and are strongly repelled directly away from it. See Figure 1b,c. More specifically, if a particle i is within   R p   of the predator point, its heading update has an additional predator evasion term    R ¯  p   added to Equation (1) in [43]. The most general form of the heading update formula used here is


    D ¯   i , t + 1   = b   D ^   i , t   + c   C ^   i , t   + a   A ^   i , t   + r   F ¯   i , t   +  r p    R ¯   i , t  p  + e   ϵ ^   i , t   ,  



(1)




where    D ^   i , t    is particle i’s current heading,    C ^   i , t    is the normalized direction towards the local center of mass of its neighbors except those in the blind zone,    A ^   i , t    is the normalized average heading of its neighbors,    F ¯   i , t    is a local distance dependent repulsion term,    R ¯   i , t  p   is the repulsion directly away from the predator,    ϵ ^   i , t    is a heading noise term, and the parameters a, b, c, e, r,   r p   specify the relative strengths of the different interaction terms. For a detailed description of all terms except the predator repulsion term see [43,44]. The predator repulsion term    R ¯   i , t  p   has exactly the same form as the local repulsion term    F ¯   i , t   , but is calculated using only the predator coordinate   (  x p  ,  y p  )   instead of the coordinates of all neighbors of the particle;




	4.

	
To investigate the potential impacts of a difference in speeds between particles that have and those that have not detected the predator, we add a parameter   δ s   in some analyses. We denote the ratio of the speed of particles that have detected the predator (  δ s  ) and the speed of those that have not ( δ ) by   Δ =  δ s  / δ  . So, if there is no difference in speed between those that have detected it and those that have not, then   Δ = 1  , if those that have detected it moves twice as fast as those that have not, then   Δ = 2  , and so on.







2.1. Measures


To quantify the simulation results, we use two measures similar to those defined and used in [16]. The main difference in implementation is that we do not partition the arena into 36 segments for the calculations but instead exclusively use the actual particle positions throughout.



	1.

	
The arc distance between an individual particle i and the predator point   (  x p  ,  y p  )   at time t, which we denote by   d  i , t   .   d  i , t    is calculated as the length of circular arc between the angle of the predator point and the angle of particle i at time t, with radius equal to the Euclidean distance from fish i’s coordinates at time t  (  x  i , t   ,  y  i , t   )   to the center of the annular region   ( 0 , 0 )  ;




	2.

	
The instantaneous alignment of the group at time t (  ϕ t  ) can be used to determine whether the group is moving clockwise (CW) or counterclockwise (CCW) in the annular region. It is calculated by first calculating the relative orientation of each particle i at time t via    χ  i , t   = s i  n  − 1    ( s i n  ( α − β )  )   , where  α  is the angle of the particle and  β  is the angle of the annular region radius going through the particle position at time t.    χ  i , t   = − π / 2   if the particle is moving CW and    χ  i , t   = π / 2   if it is moving CCW. The instantaneous alignment of the group at time t is then calculated as the average of the relative orientations of all the N particles at time t through








    ϕ t  =  2  π N    ∑  i = 1  N   χ  i , t   .   



(2)





The instantaneous alignment   ϕ t   ranges from −1 to 1 and provides information about whether the group is moving clockwise (CW) or counterclockwise (CCW). An ideal group moving clockwise at time t will have    ϕ t  = 1  , and one moving counterclockwise will have    ϕ t  = − 1  . In practice though, because no group, of either real animals or simulated particles, will be moving in an ideal fashion, we classify a group at time t as moving clockwise if    ϕ t  ∈  [ 0.75 , 1 ]    and counterclockwise if    ϕ t  ∈  [ − 0.75 , − 1 ]   .




2.2. Simulations


Given that the analyses in [16] focused on 51 fish, here, we perform 1450 simulations for each of eight different cases for 51 particles: four with attraction and repulsion only (  a = 0   in Equation (1)), and four with alignment added (  a = 0.5   in Equation (1)). The four different cases for each correspond to different speed ratios   Δ =   1, 2, 3, and 4. At the start of each simulation, particle positions and headings are initialized to be in a polarized configuration moving clockwise. The base configuration for this was obtained by simulating the model from random initial conditions in the annular region without predator attacks until it adopted a polarized configuration moving clockwise. At the start of each simulation, this base configuration is then perturbed both with respect to particle positions and headings to obtain unique initial conditions for each of the 1450 × 8 = 11,600 simulations carried out. The predator attack point   (  x p  ,  y p  )   was chosen to be at coordinates   ( 17 , − 7 )   because with this value a few particles at the front of the moving group tend to be within   R p   of the predator point   (  x p  ,  y p  )   at the predator attack time    t p  = 35  . These few particles will detect the predator and be assigned the higher speed   δ s   corresponding to that particular case. The other parameters in the heading update (Equation (1)) were set to   c = 2  ,   d = 0.5  ,   r = 1.5  ,    r p  = 5  ,   δ = 0.2   and   e = 1 / 14  . The blind angle   β = 3.2   was chosen based on the findings in [43]. At this value, a group tends to adopt a polarized configuration, but is close enough to the bistability region to reconfigure in response to perturbations. In each of the 11,600 simulations, we collect the trajectory of each particle over time. This trajectory information was then used to present representative simulations of the key cases we seek to compare, i.e., collective predator evasive behavior generated by attraction and repulsion alone without any speed difference (  Δ = 1  ) and with the largest speed difference used (  Δ = 4  ), and the same speed differences when alignment was added. Using the trajectories of all particle through each simulation, we calculated the distance between each particle and the predator attack point through time. The result is plotted in Figure 2. The predator attack time    t p  = 35   and predator detection radius    R p  = 8   are also superimposed on each plot. This trajectory information was also used to calculate the instantaneous alignment over time in each simulation for each case. The instantaneous alignment was then used to calculate the median over the 1450 simulations in each of the eight cases to generate the average evasion curves in Figure 3, as well as the mean, and 95% confidence intervals to generate supplementary Figures S1 and S2. Due to non-normal instantaneous alignment measurement distributions, all confidence intervals presented are bootstrap confidence intervals calculated using the Matlab function bootci with 2000 bootstrap samples. To investigate how evasion success depends on the interaction between the interaction rules and speed differences, we ran 7000 simulations for each  Δ  from 1 to 4 in increments of 0.1 for each of the interaction rules and measured the instantaneous alignment over time. This information was then used to calculate the mean proportion of simulations, as well as 95% confidence intervals, in each of the 62 cases (2 interaction rules and 31 speed differences) that resulted in a successful group evasive maneuver away from the predator, using the criteria that if    ϕ t  < − 0.75   at some time t after the predator attack time   t p  , then the group turned away from the predator and is moving away from it counterclockwise. The results of these analyses were used to create Figure 4 and Table 1. See the Data Availability Statement for information about how to access the Matlab code used for these analyses.





3. Results


Alignment interactions are not required to induce collective predator evasion in moving groups. Attraction and repulsion alone are sufficient. Figure 2a,b shows the distance d from the predator to each particle over time in the alignment-free model, and Figure 2c,d show the corresponding trajectories in the alignment-based model. In all cases, we note that all particles approach the predator location, the predator is activated at   t = 35   and at this time, the few particles that are within a distance of    R p  = 8   from the predator move directly away from it and influences the other particles, which have not detected the predator, to turn until the whole group has turned and collectively move away from the predator, and, while there are noticeable differences between the trajectories in the different panels, the basic dynamics are the same, implying that alignment is not strictly required to induce this phenomenon.



Speed differences between individuals that detect the predator and those that do not influence the success rate of and stabilize the predator evasion process, but are not strictly required for it to occur. Comparing Figure 2a with Figure 2b, and Figure 2c with Figure 2d, we note that the post attack trajectories smooth out faster when there is a large speed difference  Δ . This implies that the evasion process is faster and the whole group switches to its new direction in a smoother fashion when speed differences are large.



Figure 3 shows the average evasion behavior over time for all the eight cases, and Video S1 shows example simulations of each. We note that, on average, there are noticeable differences between evasive behavior generated by alignment-free (solid lines) and alignment-based (dashed lines) models in Figure 3 in that, while they are relatively similar up until   ϕ ≈ − 0.2  , i.e., when there is a net instantaneous alignment in the direction away from the predator but a significant part of the group has yet to turn, after that, the behavior of two model types diverge. Alignment-based models exhibit a smooth switch, on average, whereas the alignment-free models exhibit a slower turn rate after   ϕ ≈ − 0.2  . We also note that speed difference plays a significant role on the average behavior. In particular, the higher speed difference cases (  Δ = 3   and 4) for both model types exhibit smooth decreases to low phi values (<−0.75), indicating successful evasions, on average. The low-speed-difference curves (  Δ = 1   and 2) exhibit a different type of interrupted turning behavior, on average. This is a consequence of the fact that the lower speed difference cases have lower evasion success rates and are more susceptible to failing to turn and pass the predator or experience group splits. See supplementary materials for versions of Figure 3 with mean and 95% confidence interval information (Figure S1) and the raw instantaneous alignment measurements over all simulations (Figure S2). The proportion of successful evasions, including 95% confidence interval information, as a function of speed difference  Δ  for both interaction rules is presented in Figure 4. The green curve shows the proportion of success for attraction and repulsion only, and the red curve for attraction, repulsion, and alignment. The red curve shows that the alignment-based model has a success rate of above 0.95 for all speeds, and the green curve shows that the alignment-free model’s evasion success increases from about 0.65 at no speed difference (  Δ = 1  ) to about 0.97 for   Δ = 4  . Overall, in both cases, the success proportion increases with increasing speed difference. Table 1 shows the specific proportions for integer speed differences. We note that for large  Δ  values, the success proportions are high for both interaction rules, that alignment-based models have higher success rate overall, and that the alignment-free model with no speed difference has only a 64% success percentage, which explains the flattening of the red solid curve after −0.2.




4. Discussion


Alignment interactions are not required to induce collective predator evasion in moving groups. This finding provides an explanation for collective predator evasion in moving animal groups for animals that do not use alignment interactions to organize their groups. This extends our mechanistic understanding of this phenomena beyond the alignment-based explanation provided by the models in [16,28,29,30,31,32].



Speed differences between individuals that detect the predator and those that do not influence the success rate of and stabilize the evasion process, but are not strictly required for it to occur (Figure 2, Figure 3 and Figure 4). In [16], alignment and speed differences were isolated as primarily responsible for the model’s predator evasion capacity via escape waves consistent with data. While our findings indicate that predator evasion and escape-wave-like behavior does not strictly depend on either of these, we do find that both alignment and speed differences improve the rate and smoothness of the response (Figure 2 and Figure 3). This suggests that despite not being technically required, they may be highly relevant to predator evasion in some real moving animal groups; in particular, because some fish have been shown to use alignment, e.g., barred flagtails Kuhlia mugil [46], and speed changes during attacks are well documented across taxa [11,13,14,17,47,48].



Our work makes a number of predictions that could be experimentally tested by re-running the experiments performed in [16] with fish that are known to use alignment, and fish that are known to not use alignment. Suitable candidates for lab experiments with fish that do not use alignment are golden shiners Notemigonus crysoleucas [34] and mosquitofish Gambusia holbrooki [33], while barred flagtails Kuhlia mugil are a suitable candidate for fish that use alignment [46]. The results presented in Figure 3 predict that fish that rely on alignment and those that do not will exhibit similar responses early in the process after the attack, but that fish that do not use alignment will be slower in completing the latter part of the process compared to fish that rely on alignment. For fish using alignment, we predict that there will be no noticeable slowing of the process midway. Furthermore, measuring the speed difference between fish that detect the predator and those that do not also yields predictions of the relative success rate of evasions once it is known whether alignment is used or not (Figure 4 and Table 1).



In addition, the observed escape wave speed differences in three key studies of the phenomena in fish [14,15,16] may perhaps be partially explained by the different species using different interaction rules. In particular, whether the species use alignment or not, and what the speed difference between the primary predator detectors and non-detectors is. The average escape wave speeds found in the three studies where 0.29 m/s [16], 4.1–10.3 m/s [15], and 11.8–15.1 m/s [14]. We are unable to find any information about which interaction rules the three species used in these studies are thought to use, in particular, if either of them have been shown to rely on alignment. While there may be other explanations for this discrepancy in speed, such as size differences in the fish used as pointed out in [16], the rules employed by the different species may also influence this. If hypothetically, no other factor is responsible, based on our results, we would guess that the pacific blue-eyes used in [16] rely on attraction and repulsion only, and the fish in [14,15] both rely on alignment. Testing whether pacific blue-eyes rely on alignment or not should be straightforward, given that the trajectory data exists, and the methods used to determine whether alignment is operating in golden shiners, mosquitofish, and barred flagtails should be available from [33,34,46].



Performing these kinds of experiments for a range of species might also be useful in the other direction, i.e., to infer interaction rules. It is known that inferring interaction rules from data of groups in a steady state is less informative than inferences based on data from the approach to the stable state [49]. Immediately following the predator attacks in [14,16], the group is out of the steady state and recovering towards one over time. This phase could provide particularly useful data for inferring, or at least distinguishing between proposed, interaction rules by the approach described in paragraph 3 of the discussion in [41].



Here, we have shown that collective predator evasion is yet another phenomenon previously thought to require alignment interactions that does not. In addition to the discovery that polarized (or aligned) groups can be generated from attraction alone in combination with a range of biologically plausible auxiliary locomotion-related assumptions [41], including asynchrony [36,39], anticipation [40], and burst-and-glide dynamics [41], combinations of attraction and repulsion alone have also been shown to have the capacity to generate polarized (or aligned) groups in a range of fundamentally different types of models [23,35,37,38]. It is also noteworthy that the above-mentioned models not only can produce polarized (or aligned) groups without including an alignment interaction but almost all of them have also been shown capable of generating the other two standard groups of collective motion, i.e., mills/tori and disorganized swarms. This indicates that alignment is not required to explain general features of stable collective motion in moving animal groups. However, until recently, it was unclear (and actually conjectured impossible on theoretical grounds [34]), whether any spp model, alignment-based or otherwise, could generate disruptive phenomena such as bistability and transitioning between groups types. Interestingly, it was recently established that both alignment-free and alignment-based models can actually generate these types of disruptive behaviors [42,43]. Through the current work, we can now add collective predator evasion to the list of phenomena that are explainable by attraction and repulsion alone without the requirement of alignment. Through these findings, over the past decade, it is becoming increasingly plausible that the observed group level alignment and other phenomena in many real moving animal groups emerges from an interplay of attraction and repulsion alone, rather than from an explicit alignment interaction. This challenges the current dogma of collective motion, which states that “Attraction is a prerequisite for the formation of social aggregations, repulsion restricts crowding and prevents collisions and alignment is proposed to produce coordinated motion.” [5].
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Figure 1. Simulation environment. (a) Screenshot of a simulation in the annular region with a group of particles moving clockwise. Black dots represent the particles and the red rods indicate each particle’s direction of travel. The instantaneous alignment   ϕ t   of this group at this time t will be positive and large in absolute value (between 0.75 and 1). (b) The simulated predator attack has commenced. The red asterisk (*) indicates the predator attack point and two particles at the front of the group (green dots) have detected the predator and are moving directly away from it. As particles continue to switch from the clockwise to the counterclockwise direction, the instantaneous alignment   ϕ t   will decrease from its positive large value. (c) Following the predator attack, the entire group has switched direction and are all moving in the counterclockwise direction away from the predator. The instantaneous alignment   ϕ t   of this group at this time t will be negative and large in absolute value (between −0.75 and −1). 
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Figure 2. The collective evasion process. Each panel shows the angular distance of each particle to the predator point over time (colored lines). The horizontal line indicates the predator time    t p  = 35   and the vertical line indicated the predator detection range    R p  = 8  . In each case, we see a similar process. The distance between each particle and the predator decreases up until the predator attack at   t = 35  , at which point the particles that are closer to the predator than    R p  = 8   (left of the vertical line) start moving away from the predator and influence other particles (which have not detected the predator) to switch their directions also in a cascade-type fashion. The two top panels (a,b) show the process when only attraction and repulsion are operating with no speed difference   Δ = 1   (a) and with a large speed difference   Δ = 4   (b). The two bottom panels (c,d) show the process when alignment is operating, with no speed difference   Δ = 1   (c) and with a large speed difference   Δ = 4   (d). By comparing the panels on the same row, we can observe the effects of differing speeds, and by comparing the panels in the same column, we can see the effects of including alignment. While there are differences, in particular, in that higher speed differences result in smoother transitions and more stable group motion post evasion maneuver, the basic evasion behavior is the same. 
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Figure 3. Comparison of the average instantaneous alignment ( ϕ ) over time for the eight different cases. Solid curves correspond to attraction and repulsion only, dashed lines correspond to alignment included. Curve color indicates the speed difference   Δ = 1   (red),   Δ = 2   (green),   Δ = 3   (blue), and   Δ = 4   (black). The horizontal line represents the predator attack time    t p  = 35   and we note that at this time, all curves drop rapidly from a high   ϕ ≈ 0.9  . Initially, all curves drop at comparable rates but as time progresses, the alignment curves drop quicker, especially when the  ϕ  drops below −0.2, i.e., after the average heading of the group has turned away from the direction of the predator. We also note that these are averages and that the successful turn rate is significantly lower for the smaller speed differences than the higher (Table 1), which contributes to the flattening out of the green and red curves (due to failure to turn, splits, etc). See Video S1 for example simulations of each of the eight cases. 
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Figure 4. Evasion success as a function of speed difference. The green curve shows the mean evasion success proportion for the attraction-and-repulsion-only model, and the red curve the mean evasion success proportion for the attraction, repulsion, and alignment model. The black lines represent the 95% bootstrap confidence intervals. 
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Table 1. Probability of succ