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ABSTRACT 19 

Collective decision-making is a widespread phenomenon across organisms. Studying 20 

how animal societies make group decisions to the mutual benefit of group members, 21 

while avoiding exploitation by cheaters, can provide unique insights into the 22 

underlying cognitive mechanisms. As a step toward dissecting the proximate 23 

mechanisms that underpin collective decision-making across animals, we developed an 24 

agent-based model of antipredatory alarm signaling and mobbing during predator-prey 25 

encounters. Such collective behavior occurs in response to physical threats in many 26 

distantly related species with vastly different cognitive abilities, making it a broadly 27 

important model behavior. We systematically assessed under which quantitative 28 

contexts potential prey benefit from three basic strategies: predator detection, signaling 29 

about the predator (e.g., alarm calling), and retreating from vs. approaching the 30 

predator. Collective signaling increased survival rates over individual predator 31 

detection in several scenarios. Signaling sometimes led to fewer prey detecting the 32 

predator but this effect disappeared when prey animals that had seen the predator both 33 

signaled and approached it, as in mobbing. Critically, our results highlight that 34 

collective decision-making in response to a threat can emerge from simple rules without 35 

needing a central leader or needing to be under conscious control.   36 

 37 



 

Keywords: agent-based model, animal cognition, collective behavior, group decision-38 

making, mobbing behavior, predator defense. 39 

  40 



 

1. Introduction 41 

 42 

Social animals constantly make individual decisions while living as part of a 43 

group (Conradt and Roper 2003; Mendelson et al. 2016). A crucial consideration in these 44 

contexts is how individuals benefit from acting together with the group without being 45 

exploited. Understanding the factors that influence successful collective decision-46 

making is, thus, critical for addressing collective action problems, including 47 

individuals’ conflicting selfish interests (Seeley et al. 1991). However, studying these 48 

collective scenarios in the real world can be difficult because numerous factors interact 49 

to shape decision-making processes. In particular, the complexity of physical and social 50 

environments and variation in cognitive abilities across species may mask simple 51 

underlying decision-rules that are shared among species (Couzin et al. 2005). 52 

Furthermore, many group-level processes, such as communal anti-predator defense, are 53 

rarely observed in nature (e.g., Jack et al. 2020), unless elicited by experimental stimulus 54 

presentation methods (e.g., Lawson et al. 2020). Finally, scientists as human observers 55 

themselves may cause shifts in the interspecific interactions of predators and their prey, 56 

through the human shield effect (i.e., Berger 2007), altering the prey’s perceived 57 

landscape of fear (e.g., Nowak et al. 2014) and complicating attempts to study the 58 

phenomenon in the field.    59 



 

In this study, we developed an agent-based model (Bonabeau 2002, Murphy et al 60 

2020) of collective defense behavior to assess a theoretical-empirical framework of the 61 

decision rules that may underlie collective responses to a widely applicable problem 62 

(e.g., predator detection and avoidance). Using this modeling approach (also see Rand 63 

2012), we employed simple cognitive mechanisms and determined to what extent they 64 

can explain decision-making behavior and the associated fitness benefits that might 65 

occur in the real world (e.g., Ward et al. 2001). A specific advantage of this type of 66 

modeling is that simulated agents can be equipped with certain attributes and decision 67 

rules, and scenarios can be varied and repeated thousands of times at low cost and 68 

without live subjects (Bonabeau 2002). Such in silico models can even assess situations 69 

that would be unethical to test experimentally (e.g., causing subjects stress, terminal 70 

injury, or other sources of mortality like predation) or are practically impossible to 71 

quantitatively observe in the real world (e.g., because of unpredictability or rarity). In 72 

general, modeling can also yield unique insights and opportunities for future in vivo 73 

research with minimal impact upon subjects (Wheatcroft and Price 2018).  74 

Our focus here is targeting collective behaviors that are widespread phenomena in 75 

social organisms ranging from cells to societies. They have been reported in insects, 76 

such as ants and spiders, to birds and fish, to highly encephalized mammals, such as 77 

wolves, orcas, and primates, including humans (Black 1988, Boinski and Garber 2000, 78 

Couzin 2006, Gittleman 1989, Krause and Ruxton 2002, Pitman and Durban 2012, Poole 79 



 

et al. 1988, Seeley 2010, Seeley and Buhrman 1999; Strogatz 2004, Sumpter 2010, Vanak 80 

et al. 2013). Collective behaviors also occur in a variety of different contexts, including 81 

foraging, predator-defense, and group movement and roosting. Collective defense 82 

behavior is thus a hallmark of diverse group-living prey species (Klump and Shalter 83 

1984); accordingly, it can clearly arise in the absence of human-specific language, 84 

culture, or institutions (Blanchard et al. 2007).  85 

In turn, collective behaviors in animals are well known to be influenced by a 86 

number of characteristics, such as group size or composition, and can be achieved in a 87 

variety of different ways, such as through consensus or the decisions of powerful, 88 

knowledgeable, or bold individuals (e.g., Schneider et al. 2012, Brown and Irving 2014, 89 

Strandburg-Peshkin et al. 2015). For example, olive baboons (Papio anubis) live in groups 90 

of up to 100 individuals in the wild (Cheney and Seyfarth 2008) and make collective 91 

movement decisions. Group members are most likely to follow initiators of movement 92 

when there are several initiators, especially when they agree on the direction 93 

(Strandburg-Peshkin et al. 2015). If there is disagreement, geographic tracking data 94 

suggests that they compromise unless the directions diverge too far, in which case 95 

baboons seem to choose just one (Strandburg-Peshkin et al. 2015). This research 96 

illustrates clearly how shared decision-making can emerge from simple decision rules 97 

followed by individual group members, even in large groups with strong dominance 98 

hierarchies, such as are common among primates. Critically, this decision process 99 



 

closely parallels that of honeybees (Apis mellifera) collectively choosing and traveling to 100 

a new nest site, again demonstrating that this strategy does not have to rely on a large 101 

degree of encephalization (Seeley 2010). 102 

While we know quite a lot about such specific examples of collective behaviors 103 

and their developmental and social contexts, we know little about the factors that are 104 

broadly important across distant evolutionary lineages and diverse ecological scenarios 105 

(Couzin et al. 2005). For example, do phylogenetically close great apes and humans use 106 

more similar sets of decision rules and/or the same processes than do phylogenetically 107 

distant flocking birds and communal spiders (Mendelson et al. 2016)? Or are species-108 

specific factors such as feeding ecology or social organization more important than 109 

shared evolutionary history in shaping collective decision-making in a given context 110 

(Seeley et al. 1991)? Here we set out to test the extent to which animals, including 111 

humans, could rely on convergent cognitive mechanisms to collectively solve a problem 112 

like foraging, movement, or defense. Such research informs us about the roles of shared 113 

decision rules and their influence across diverse environments. 114 

Specifically, we developed an agent-based model of collective defense behavior 115 

to assess a theoretical-empirical framework of a set of underlying proximate 116 

mechanisms. We used collective defense (Blanchard et al. 2007) as a model for complex 117 

group-level behavior because it occurs in a broad range of group-living species with 118 

vastly different perceptual and motor systems and cognitive abilities (see above), 119 



 

suggesting that it may emerge from simple decision rules in some ecological contexts. 120 

Our model considers a predator encounter by a social (group living) prey species, and 121 

for ease of description, we use a group of capuchin monkeys (Cebus and Sapajus spp.) 122 

being attacked by a carnivore (e.g., de Oliveira et al. 2008, Torrez et al. 2012, Jack et al. 123 

2020) as our example throughout this paper.  124 

We equipped prey animals in the model with three basic abilities and strategies 125 

that have been observed in some, although certainly not all, animal species that engage 126 

in collective defense behavior (Blanchard et al. 2007): 1) detecting the predator (e.g., 127 

through seeing, smelling, or hearing), 2) signaling to group members about the 128 

predator, and 3) reacting to the predator by either retreating (escape) or approaching 129 

(mobbing). While it seems obvious why prey might respond to a predator by not 130 

moving at all (e.g., if the predator responds to movement) or by running away, it can 131 

seem more puzzling for a prey animal to approach a dangerous predator. Nonetheless, 132 

diverse taxa including birds, fishes, and mammals show such mobbing behavior, where 133 

prey animals approach and communally attack or harass a predator (e.g., Altmann 134 

1956, Caro 2005, Curio 1978, Dominey 1983, Dugatkin & Godin 1992, Gursky-Doyen & 135 

Nekaris 2007, Lorenz 1974, Perry et al. 2003, Pitman et al. 2017). Therefore, here we also 136 

systematically assessed how different predator detection, signaling, and 137 

retreat/approach strategies affect the group’s survival and vigilance responses when 138 

faced with predators that varied in how dangerous they were. 139 



 

 140 

2. Methods 141 

 142 

2.1 Model Description and Programming 143 

We built our model using NetLogo 6.1.1 (Wilensky 1999), an agent-based 144 

modeling environment that can be programmed using multiple parameters. We 145 

modeled the encounter of a group of moving prey organisms with one stationary 146 

predator. We systematically varied features of the predator (How dangerous is it?) and 147 

the prey animals (Can they detect the predator before it eats them? Do they signal 148 

group members about the predator? How do they respond to the signals of others?), to 149 

assess how simple behavioral rules at the individual level might affect prey survival 150 

and communal vigilance at the group level. Note that to focus on collective mobbing 151 

behavior, we held other features constant. These features included both the frequency 152 

or effectiveness of vigilance per se, even though it is known to increase following alarm 153 

calling behavior in several species (Makin et al. 2019), and the susceptibility of the prey 154 

after they hear alarm calls, even though behavioral responses to vocal alerts like 155 

increased vigilance or escape to a safe location can reduce prey vulnerability or 156 

accessibility to the predator (e.g., Devereux et al. 2008).  157 

Here, we illustrate the model and its parameters on capuchin monkeys – group-158 

living animals that encounter predators such as leopards, snakes, and birds of prey, and 159 



 

are known to alarm call in response to predators and even mob them in some situations 160 

(e.g., Crofoot 2012; Digweed et al. 2005; Fragaszy et al. 2004; Meno et al. 2013; Perry et 161 

al. 2003; Petit et al. 2009; Tórrez et al. 2012; van Schaik & van Noordwijk 1989; Wheeler 162 

2008, Jack et al. 2020). We describe the sequence of events for each model run, with all 163 

parameters listed in Table 1 and described below; in turn, Fig. 1 illustrates these 164 

parameters at several points in time throughout a model run, as viewed in the NetLogo 165 

modeling environment. 166 

  167 



 

Table 1. Parameter ranges including in our model simulation runs. Parameter names are 168 
italicized. Conformists are defined as those prey animals who signal not because they have seen 169 
the predator themselves but because they have heard enough group members signal. 170 

 171 

Parameter Scenario (a) Scenario (b) Scenario (c) Scenario (d) 

Number of 
combinations 

30 5400 7560 1080 

Predator 

predator-
dangerousness 

0.2, 0.4, 0.6, 0.8, 1 0.2, 0.4, 0.6,  
0.8, 1 

0.5 0.5 

predator-max- reach 2, 4, 6, 8, 10, 12 2, 4, 6, 8, 10, 12 2, 4, 6, 8, 10, 12 2, 4, 6, 8, 10, 12 

Predator Detection  

predator-detection-
range 

0 2, 4, 6, 8, 10, 12 2, 4, 6, 8, 10, 12 2, 4, 6, 8, 10, 12 

predator-detection-
angle 

0 45, 90, 135, 180, 
270, 360 

180 180 

predator-detection-prob 0 0.2, 0.4, 0.6,  
0.8, 1 

0.5 0.5 

Signal Detection 

signal-detection-range (turned off) 2, 4, 6, 8, 10, 12 10 

signal-threshold 1, 3, 5, 9, 11, 15, 19 1, 2, 3 

signal-strength-by-
conformists 

0, 0.25, 0.5, 0.75, 1 0.25, 0.5 

Retreat/approach tendency 

retreat-approach (turned off) 0 -0.5, -0.25, 0, 0.25, 
0.5 

  172 



 

 173 

Figure 1. Visual representation of the predator-prey agent-based model at four points in a single 175 
simulation run, as implemented in Netlogo 6.1.1 (Wilensky, 1999). This scenario shows a group 176 
of 20 prey animals (e.g., capuchin monkeys) encountering one stationary predator (e.g., a 177 
leopard). Color and shape indicate the status of each prey animal: filled triangle = has not 178 
detected the predator; open triangle = has detected the predator; blue = is not signaling; yellow = 179 
is signaling; red x = has been eaten. 180 
  181 



 

We implemented individual-level behaviors in an agent-based model with 182 

discrete time steps. For capuchin monkeys, one time step might represent one second, 183 

although in future work this could vary to a timescale relevant to the system in 184 

question. At the beginning of each model run (at time step 0, indicated by "time step 0" 185 

on Fig. 1), we create a number of prey animals (e.g., group-size = 20 monkeys), each 186 

facing in a random direction, and positioned randomly in a two-dimensional, square 187 

area equal to group-size × area-per-prey (e.g., 20 animals × 30 m2 per animal = 600 m2, or 188 

24.5 m × 24.5 m; again, this can vary in future work to be appropriate for the system 189 

under study). At time step 0, none of the prey animals have detected the predator. We 190 

also place one stationary predator at a random location within the area. 191 

At every subsequent time step, 1) the predator attempts to attack, and 2) each 192 

prey animal determines whether a predator or any signaling group members are 193 

present, decides whether to signal, and moves around the area. The predator tries to eat 194 

a random prey animal within its reach (e.g., predator-max-reach = 3.5 m), if there are any. 195 

It succeeds in eating them with a given probability (e.g., predator-dangerousness = 0.75). 196 

This parameter may reflect the type of predator or factors that may affect the predator’s 197 

success rate (e.g., the predator’s hunger level or experience). 198 

Next, each prey animal detects the predator with a given probability (e.g., 199 

predator-detection-prob = 0.5) if it is within the prey’s detection cone, determined by an 200 

angle and a distance (e.g., predator-detection-angle = 180°, predator-detection-range = 5 m). 201 



 

These parameters may reflect the sensory modality used for predator detection. For 202 

example, capuchin monkeys mostly rely on vision to detect a predator (Fragaszy et al. 203 

2004, van Schaik & van Noordwijk 1989) and cannot see behind them without turning 204 

around. However, animals who sense auditory or chemical cues could potentially 205 

detect them from any direction, and prey might, for example, be able to hear a predator 206 

from farther away than they can see it. The predator detection cone parameters may 207 

also reflect barriers in the environment (e.g., dense tree cover may restrict monkeys’ 208 

effective visual fields and increase the likelihood for false negative or false positive 209 

errors), or camouflaging or stalking techniques of the predator (e.g., a cryptic predator 210 

will be less likely to be detected and will need to be closer to be detected).  211 

When signaling (signal-about-predator?) is turned on, each prey animal also 212 

determines how many of its neighboring group members are signaling and how 213 

strongly they are doing so. Prey animals detect all signals within their signal detection 214 

cone, determined by an angle and a distance (e.g., signal-detection-angle = 360°, signal-215 

detection-range = 10m). These parameters may again reflect factors such as barriers in the 216 

environment or the sensory modality used to detect signals. For example, capuchins 217 

primarily use auditory alarm calls [e.g., Digweed et al., 2005; Fragaszy et al., 2004; Meno 218 

et al., 2013; Wheeler, 2008], but alarms may be chemical or tactile in other organisms, 219 

and detected by other prey at narrower angles or different ranges. 220 



 

Each prey animal then decides whether to signal themselves. If they have 221 

detected (“seen”) the predator, they start to signal (“alarm call”) at full strength (signal 222 

strength = 1). If they have not seen the predator themselves, then they only signal if they 223 

have “heard” enough of their group members' signal and may do so with potentially 224 

reduced signal strength (e.g., signal-strength-by-conformists = 0.25, only a quarter as 225 

“loudly”). In our model, individual prey animals may differ in their signal thresholds, 226 

that is, how many of their neighbors they need to hear alarm calling. This threshold is 227 

determined from a normal distribution with mean signal-threshold and a standard 228 

deviation of signal-threshold-sigma, but is restricted to range from 0 to the full group-size. 229 

For example, with a mean of 1.5 and standard deviation of 0.25, about 95% of prey 230 

animals will need to hear between 1 and 2 group members (1.5 ± 2 × 0.25) alarm call 231 

before they decide to alarm call themselves. Importantly, prey animals count group 232 

members who do not signal at full strength proportionally. For example, an animal that 233 

can hear three neighbors signal, one at full strength and two at half-strength, would 234 

start to call if their signal threshold was less than or equal to 2, but not if it was greater 235 

than 2. 236 

Finally, each prey animal moves around the area (e.g., with step-length = 0.5 m), 237 

depending on whether they have seen the predator and whether they have decided to 238 

alarm call in response. A prey animal that has not seen the predator and has not heard 239 

enough group members alarm call moves approximately in the direction that it was 240 



 

already headed. To reflect that animals rarely move in perfectly straight lines, the prey 241 

animal randomly turns 0-60° to the right and then randomly 0-60° to the left to 242 

determine its new heading. However, if any of its group members are too close (e.g., 243 

too-close = 1 m), it moves away from its closest neighbor; if all of its group members are 244 

too far away (e.g., too-far = 5 m), it moves toward its closest neighbor. We implemented 245 

these constraints so that animals would not end up “on top” of each other and to 246 

introduce a simple form of group cohesion, respectively. In any case, if a prey animal 247 

reaches the edge of the square model area, it turns around. A prey animal that has not 248 

seen the predator but has heard enough group members alarm call, moves toward the 249 

center of its alarm calling neighbors (again after wiggling right and left and not moving 250 

too-close). 251 

A prey animal that has seen the predator either moves or stays out of the 252 

predator’s reach. If signaling is turned off, the animal keeps moving (the same as an 253 

animal who has not seen the predator) but stays out of the danger zone. If signaling is 254 

turned on, the animal either retreats from the predator or approaches it up to the 255 

danger zone. This tendency can vary across individual prey animals. Specifically, it is 256 

determined from a normal distribution with mean retreat-approach and a standard 257 

deviation of retreat-approach-sigma. For example, with a mean of 0.5 m and standard 258 

deviation of 0.4 m, about 95% of prey animals have thresholds between 0.3 m to 1.3 m 259 

(0.5 ± 2 × 0.4). Of those, 8% of animals would retreat from the predator up to 0.3 m per 260 



 

time step and 87% would approach the predator up to 1.3 m per time step (though no 261 

closer than to the danger zone) if they detected the predator. 262 

 263 

2.2 Model Implementation 264 

We used NetLogo 6.1.1 (Wilensky, 1999) to implement the model and the 265 

BehaviorSpace tool to run the model repeatedly. Both the model and the data analyzed 266 

here are available at the Harvard Dataverse (Watzek et al., 2019).  267 

We ran the model under four scenarios: (a) prey do not detect or respond to the 268 

predator at all, (b) prey can detect the predator but do not signal or retreat/approach it, 269 

(c) prey detect and signal about the predator but do not retreat/approach it, (d) prey 270 

detect, signal about, and retreat/approach the predator. We held the following 271 

parameters constant across all simulation runs: group-size = 20, area-per-prey = 30, step-272 

length = 0.5, too-close = 1, too-far = 5. We simulated 100 runs for each combination of 273 

parameters that we varied (Table 1), and stopped each run after 150 time steps (for 274 

capuchin monkeys, if 1 time step represents 1 second, this equates to 2.5 min from the 275 

predator first appearing). As outcome measures, we recorded the number of prey 276 

animals that had died, had detected the predator, and were signaling at time step 150. 277 

To assess the effects of predator dangerousness and of predator detection, we 278 

turned prey signaling off by setting signal-about-predator? = false. First, we modeled 279 

scenarios in which the prey had no ability to detect the predator but varied how 280 



 

dangerous the predator was (Table 1a) to get a baseline for how many prey animals get 281 

eaten when they have no mechanisms available to deal with a predator. Second, we 282 

varied both the predator parameters and the prey’s predator detection parameters 283 

(Table 1b). We did not explicitly include the value 0 for any of the predator or predator 284 

detection parameters because this would result in no prey getting eaten or no prey 285 

detecting the predator, respectively. 286 

To assess the effect of prey animals signaling about the predator and the effects of 287 

prey animals retreating from or approaching the predator, we set signal-about-predator? 288 

= true. Because the probability of predation within the danger zone, the probability of 289 

predator detection within the detection zone, and the angle of the detection cones had 290 

limited effects on the outcomes (see Results), we held them constant for the following 291 

simulation runs. Further, we held the parameters signal-threshold-sigma and retreat-292 

approach-sigma constant at 0 to simulate scenarios in which all prey animals had the 293 

same signal threshold and the same retreat or approach tendency. Here we were 294 

interested in the parameters’ overall effect on predation and predator detection in the 295 

absence of noise through interindividual variation. As before, we varied the predator’s 296 

reach and the prey’s predator detection range. Additionally, we varied the prey’s signal 297 

detection abilities and their threshold for signaling in response to other prey animals’ 298 

signals, both in scenarios in which they neither retreated from nor approached the 299 

predator if they detected it, and in scenarios in which they did both (Table 1). 300 



 

 301 

3. Results 302 

 303 

3.1 Scenario (a): No Predator Detection 304 

When the prey animals have no ability to detect the predator, the predator’s 305 

reach directly affects how many of the prey animals are captured and eaten, with only a 306 

minor effect of the predator’s dangerousness (Fig. 2). The farther the predator can reach, 307 

the fewer prey animals survive.  308 

 309 

Figure 2. Number of prey alive in relation to the predator’s reach (in meters) and dangerousness 311 
(probability of killing the prey once the latter is captured). Points indicate averages across 100 312 
simulations.  313 

 314 



 

3.2 Scenario (b): Predator Detection and Signaling 315 

When we equip prey animals with the ability to detect the predator, the detection 316 

range affects positively how many prey animals actually detect the predator (Fig. 3; 317 

signaling off). Neither the detection angle nor the probability of detection (once the 318 

predator is inside the detection cone) affect the outcomes noticeably. Finally, 319 

consistently more prey animals survive with alarm signaling on rather than off. 320 

Because prey animals that detect the predator can move out of the predator’s 321 

range, more prey animals survive when they can see the predator before it can reach 322 

them (i.e., when predator detection range > predator reach). Prey survival rates drop 323 

sharply when the predator can reach the prey right as they would be able to see it, or 324 

when the predator can reach the prey even before they are able to see it (predator 325 

detection ≤ predator reach). 326 

 327 



 

Figure 3. Number of prey alive (top row), prey that detected the predator (middle row), and 329 
prey signaling the predator’s presence (bottom row) in relation to the prey’s predator-detection 330 
range (x-axis; in meters), and for increasing distances of the predator’s reach (individual 331 
panels), in non-signaling (blue) and signaling (yellow) scenarios. Points for signaling off indicate 332 
the averages across 100 simulations and across all other parameters for Scenario (b). Points for 333 
signaling on indicate the averages across 100 simulations for signal threshold = 1 and across 30 334 
combinations of the other parameters for Scenario (c). Grey areas indicate regions in which 335 
predator reach and predator detection range are equal. 336 

 337 

However, even when predator detection range > predator reach, some prey 338 

animals do not survive. These deaths mostly arise because the prey animals and the 339 

predator are created in random positions, and the predator is able to kill prey animals 340 

that are created within its reach before they are able to move out of the danger zone. At 341 

time step 150, when we stopped our simulation runs, there can be prey animals that 342 

have neither detected the predator nor have been eaten. But, eventually, as the 343 



 

simulation continues, all prey animals in this scenario would either detect the predator 344 

and remain alive or not detect the predator and be eaten. 345 

 346 

3.3 Scenario (c): Predator Detection + Signaling Thresholds 347 

Next, we looked at scenarios in which prey animals have signaling thresholds 348 

dependent on 1) when they see the predator, or 2) when they hear enough other prey 349 

animals signal. Signaling increases survival rates compared to the non-signaling 350 

Scenario (b), particularly when the prey cannot see the predator before it is able to reach 351 

them (i.e., when predator detection range ≤ predator reach; see Fig. 3 above). That is, 352 

signaling is most beneficial at the point that individual predator detection becomes 353 

much less effective and much more costly. Interestingly, the number of prey animals 354 

that detect the predator themselves decreases when prey can signal (specifically when 355 

predator detection range > predator reach). That is, the whole group might alarm call 356 

very quickly (and presumably be alerted that some danger is present) but few prey 357 

animals might actually see the predator and know where it is.  358 

Both patterns (increased survival, decreased detection) are less pronounced 359 

when the signal threshold is higher (Fig. 4), i.e., when prey animals need to hear more 360 

neighbors call first before they would call themselves. Intuitively, by the time you hear 361 

five of your neighbors, chances are you have detected the predator yourself or have 362 

been eaten. 363 



 

 364 

Figure 4. Difference in the number of prey alive (top row) and prey that detected the predator 366 
(bottom row) between signaling and no-signaling scenarios in relation to the prey’s predator-367 
detection range (x-axis; in meters), and for increasing distances of the predator’s reach 368 
(individual panels), in scenarios with different signal thresholds indicated by different colors 369 
(How many neighbors need to signal before you signal yourself?). Points indicate the difference 370 
in the averages for signaling on (across 100 simulations and across all other parameters for 371 
Scenario (c)) and signaling off (across 100 simulations and across all other parameters for 372 
Scenario (b), as shown in Fig. 3). Data for signal thresholds of 11, 15, and 19 are not shown to 373 
reduce overplotting, but are virtually identical to data for signal threshold = 9. Grey areas 374 
indicate regions in which predator reach and predator detection range are equal. 375 

 376 

Similarly, survival and detection rates are less affected by signaling if prey 377 

animals cannot hear the signal from far away (small signal detection ranges, Fig. 5). 378 

Thus, easily spreadable signals (low threshold, easy detection) are effective in 379 

increasing survival but come at the expense of fewer prey animals knowing where the 380 

predator is. In a real life scenario, this result can translate into increased vulnerability to 381 

the predator’s reach. 382 

 383 



 

 384 

Figure 5. Difference in the number of prey alive (top row) and prey that detected the predator 386 
(bottom row) between signaling and no-signaling scenarios in relation to the prey’s predator-387 
detection range (x-axis; in meters), and for increasing distances of the predator’s reach 388 
(individual panels), in scenarios with different signal detection ranges (colors). Points indicate 389 
the difference in the averages for signaling on (across 100 simulations for signal threshold = 1 390 
and across all other parameters for Scenario (c)) and signaling off (across 100 simulations and 391 
across all other parameters for Scenario (b), as shown in Fig. 3). Grey areas indicate regions in 392 
which predator reach and predator detection range are equal. 393 

 394 

How strongly conformists (see Table 1 for our definition) signal seems to be less 395 

consequential. More prey animals survive when conformists signal more strongly (Fig. 396 

6), but the number of prey animals who detect the predator remains the same regardless 397 

of how strongly conformists signal (except when they do not signal at all). Critically, 398 

even a prey animal that just approaches group members that have seen the predator 399 

and are signaling, but does not signal itself (when signal-strength-by-conformists = 0), 400 

still enjoys a survival advantage (Fig. 6). 401 



 

 402 

Figure 6. Difference in the number of prey alive (top row) and prey that detected the predator 404 
(bottom row) between signaling and no-signaling scenarios in relation to the prey’s predator-405 
detection range (x-axis; in meters) and for increasing distances of the predator’s reach 406 
(individual panels), in scenarios with different signal strengths by conformists (colors). Points 407 
indicate the difference in the averages for signaling on (across 100 simulations for signal 408 
threshold = 1 and across all other parameters for Scenario (c)) and signaling off (across 100 409 
simulations and across all other parameters for Scenario (b), as shown in Fig. 3). Grey areas 410 
indicate regions in which predator reach and predator detection range are equal. 411 

 412 

3.4 Scenario (d): Predator Detection + Signaling + Retreat/Approach 413 

Finally, we considered scenarios in which prey animals that detected the 414 

predator not only signal about it but also retreat or approach the predator. Compared 415 

with solely signaling (i.e., no change in movement direction occurs), movement toward 416 

or away from the predator does not affect survival rates (Fig. 7). In contrast, 417 

approaching the predator (i.e., retreat-approach > 0) increases the number of prey 418 

animals that see the predator (when predator detection range > predator reach), thereby 419 

offsetting the negative effect of greater predator reach. 420 



 

 421 

Figure 7. Number of prey alive (top row), prey that detected the predator (middle row), and 423 
prey signaling the predator’s presence (bottom row) in relation to the prey’s predator-detection 424 
range (x-axis; in meters) and for increasing distances of the predator’s reach (individual panels), 425 
in scenarios with different tendencies of prey to approach or retreat from the predator (colors). 426 
Points indicate the averages across 100 simulations and across all other parameters for Scenario 427 
(d). Grey areas indicate regions in which predator reach and predator detection range are equal. 428 
 429 

4. Discussion 430 

 431 

Using agent-based modeling, we assessed under which circumstances and 432 

contexts group members facing predator-prey encounters would benefit from three 433 

cognitively simple strategies: detecting the predator, signaling about the predator, and 434 



 

retreating from or approaching the predator. We found that predator detection alone is 435 

effective for enhancing individual survival and, as a consequence, group survival if 436 

prey animals can see the predator from farther away than it can reach. Collective 437 

signaling, e.g., group members’ alarm calling, may also increase survival rates when 438 

individual predator detection alone becomes less effective (i.e., fewer prey animals see 439 

the predator) and therefore becomes more costly (i.e., more prey animals die). This 440 

outcome may hold particularly if the signal spreads easily, that is, when signals can be 441 

heard from farther away and when individual thresholds to signal in response to other 442 

signals are low.  443 

However, if the signal spreads easily, more group members will signal and 444 

survive, but fewer animals may actually see the predator themselves and know where it 445 

is. Critically, this effect disappears when signaling is combined with a tendency to 446 

approach the predator if the prey animal has seen it (“mobbing”). Retreating from the 447 

predator has no effect on how many prey animals see the predator, and neither retreat 448 

nor approach tendencies change how many prey animals survive. This result suggests 449 

that mobbing might only yield an added fitness benefit in other contexts, for instance, in 450 

situations in which there is an advantage to the prey animals knowing where the 451 

predator is (see also Curio, Ernst, & Vieth, 1978).  452 

Our model confirms some intuitive expectations, specifically that more 453 

dangerous predators are more successful at killing more prey animals, that seeing the 454 



 

predator before it can reach you helps you survive, and that signals that spread more 455 

easily are more effective. Other results may seem more contrary to expectations. For 456 

example, signaling about the predator effectively helps other group members survive, 457 

but not because signals communicate where the predator is. Again, fewer prey animals 458 

see the predator themselves with greater group signaling, although this may indeed 459 

strongly mirror what occurs in the wild. Many group-living species have specific, 460 

referential alarm calls and, upon hearing them, individuals behave accordingly even 461 

without seeing the predator themselves (e.g., climb a tree upon hearing a leopard alarm 462 

call) (Townsend and Manser 2012).   463 

In our model, prey animals that start alarm calling because they hear enough of 464 

their neighbors’ alarm calls subsequently approach those neighbors. In reality, prey 465 

animals, including primate species, may learn more information from the signal itself 466 

when listening to the call, for example because signalers may orient to the predator and 467 

therefore indicate its direction, or because different alarm calls referentially encode 468 

different types of threats (e.g., Cheney & Seyfarth, 1992; Crofoot, 2012; Digweed et al., 469 

2005; Gursky-Doyen & Nekaris, 2007; Meno et al., 2013; Seyfarth, Cheney, & Marler, 470 

1980b, 1980a; Wheeler, 2008; Zuberbühler et al., 1999). It is, therefore, even more 471 

informative that signaling can increase other group members’ survival rates by itself, 472 

even without signalers explicitly emitting additional information and without the 473 

receivers needing to see the predator themselves, as was the case in our model.  474 



 

Perhaps similarly, we also report a related finding that approaching the predator, 475 

in addition to signaling about it, helped others see the predator by themselves, without 476 

increasing prey deaths. This result suggests that mobbing might function to increase 477 

signaling efficacy (i.e., by helping individuals identify the predators’ location) as well as 478 

perhaps to scare the predator off or ensure that a stealth-based predator knows itself 479 

that it has been seen (e.g., Sherman 1977; Klum and Shalter 1984). We arrived at this 480 

conclusion even as we intentionally did not implement responses by the predator to the 481 

prey’s signaling or retreat/approach tendencies. 482 

Our results show that complex, adaptive group-level behaviors can arise from 483 

individuals following very simple cognitive rules. Of course, all models are built on a 484 

set of assumptions, and answering whether they reflect the reality for a given system is 485 

crucial to assess how applicable the model’s implications are. We designed this model 486 

to be intentionally simple but still flexible enough to cover a wide range of potential 487 

systems. In fact, the predator’s only ability is eating prey and the prey animals’ only 488 

abilities are moving and sensing (e.g., seeing and hearing), and yet we found fitness-489 

relevant communal patterns in the groups’ outcomes. Empirical studies with specific 490 

focal systems are critical to assess both similarities and discrepancies between the 491 

model and the real world, which can then generate testable hypotheses for why they 492 

arise and what other factors merit exploration.  493 



 

The current paper presents the model as a proof of concept to highlight basic 494 

scenarios in which collective defense behaviors through mechanisms such as signaling 495 

and mobbing can be adaptive. But the model also provides the opportunity for 496 

countless hypothesis-driven research questions and extensions. For example, how does 497 

personality affect survival and vigilance, e.g. in the form of interindividual differences 498 

in detection abilities, signal thresholds, or retreat/approach tendencies? How do social 499 

networks and different responses for different group members affect outcomes? How 500 

does the distribution of these attributes change if the population evolves over multiple 501 

generations (rounds)? How do noise or deception through misinformation (e.g., false 502 

alarms and false negatives) affect the outcomes? Such variations could be easily added 503 

to the future simulations in this or other modelling milieus. 504 

In addition, how much does additional information transmission help (e.g., 505 

transmitted through multimodal signals)? What happens if there is more than one 506 

predator, if it can move, or if it, in turn, is equipped with strategies in response to prey 507 

behavior (e.g., Muro, Escobedo, Spector, & Coppinger, 2011)? What about predators 508 

that are quickly satiated by just capturing one or few prey items (this was not the case 509 

in our base model)? By varying such factors systematically, models like ours can 510 

provide insight not just into collective decision-making by different animal societies but 511 

also by groups of humans when we are faced with a threat. Understanding the 512 

psychological processes that underlie group decision-making in these cases – and 513 



 

particularly realizing when humans, too, might use cognitively very simple rules – is 514 

vital if we want to understand how adaptive communal behaviors and collective 515 

decisions are derived from individuals' own abilities to perceive and respond to their 516 

immediate environments.  517 

 518 
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