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Abstract 13 

Displaced communication, whereby individuals communicate regarding a subject 14 

that is not immediately present (spatially or temporally), is one of the key innovations of 15 

human language. It also occurs in a few animal species, most notably the honeybee, 16 

where the waggle dance is used to communicate the location and quality of a patch of 17 

flowers. However, it is difficult to study how it emerged given the paucity of species 18 

displaying this capacity and the fact that it often occurs via complex multimodal signals. 19 

To address this issue, we developed a novel paradigm in which we conducted 20 

experimental evolution with foraging agents endowed with neural networks that regulate 21 

their movement and the production of signals. Displaced communication readily evolved 22 

but, surprisingly, agents did not use signal amplitude to convey information on food 23 

location. Instead, they used signal onset-delay and duration-based mode of 24 

communication, which depends on the motion of the agent within a communication area. 25 

When agents were experimentally prevented from using these modes of communication, 26 

they evolved to use signal amplitude instead. Interestingly, this mode of communication 27 

was more efficient and led to higher performance. Subsequent controlled experiments 28 

suggested that this more efficient mode of communication failed to evolve because it took 29 

more generations to emerge than communication grounded on the onset-delay and length 30 

of signaling. These results reveal that displaced communication is likely to initially evolve 31 

from non-communicative behavioral cues providing incidental information with evolution 32 

later leading to more efficient communication systems through a ritualization process. 33 
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 34 

Author Summary 35 

The evolution of displaced communication, the process through which individuals 36 

share information about a remote object (in space or time), is a key innovation in language. 37 

By conducting experimental evolution we found that displaced communication is more 38 

likely to leverage and evolve from behavioural cues, such as the agent's movement, rather 39 

than from dedicated communication modes, such as the amplitude of emitted signals. This 40 

phenomenon is shown to happen because communication via signal amplitude -although 41 

more efficient- is slower to evolve. The simple behaviors and neural networks of the agents 42 

studied here, also suggest that communication may evolve more frequently than expected 43 

via ritualization, a process whereby an action or behavior pattern in an animal loses its 44 

original function but is retained for its role in display or other social interactions. 45 

 46 

Introduction 47 

The evolution of communication, wherein privately acquired information is 48 

transmitted in a social context, still represents a major issue in evolutionary biology [1, 2, 49 

3]. In particular, the origin of displaced communication [4, 5], where the subject of 50 

communication is remote in space and/or time, is poorly understood. While displaced 51 

communication is a defining feature of human language [5], it has also been documented 52 
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in a few other animal species such as chimpanzees [6, 7], dolphins [8] and parrots [9]. 53 

One of the most striking example is the honeybee waggle dance [10], where foragers 54 

returning to the hive provide information on the quality and spatial location of foraging sites 55 

by modifying the orientation of the dance according to the relative position of the sun to 56 

the food source and modulating the length of the waggle proportion according to the 57 

distance of the food from the hive [11, 12, 13, 14, 15, 16]. Since historical origins of natural 58 

languages cannot be observed directly [17], and because displaced communication often 59 

involves complex multimodal signals (e.g., the orientation and the length of the dance in 60 

honeybees), studying their origin is challenging [18, 19]. 61 

 62 

To investigate the evolution of displaced communication, we conducted 63 

experimental evolution with simple simulated robots that could make use of a dedicated 64 

communication system to provide information on food location [20, 21, 22, 23]. Each 65 

experiment replicates the evolution of these artificial organisms from scratch under new 66 

environmental conditions. In each experiment, a signal sender and a signal receiver were 67 

placed on a one-dimensional circular environment containing a region ("nest") where they 68 

could communicate, and five non-overlapping foraging sites, only one of which contained 69 

food at any given time (Fig 1). Importantly, the sender, but not the receiver, could perceive 70 

the presence of food when at a site containing food. When back at the nest, the sender 71 

could communicate with the receiver by producing a signal whose amplitude could vary 72 

continuously. Experimental evolution was conducted over 25’000 generations in 40 73 

independent populations each containing 1’000 pairs of senders and receivers. Each pair 74 
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was evaluated during five trials; food was located once at each of the five foraging sites in 75 

random order. The performance of each pair of sender-receiver agents was evaluated in 76 

the last 20 time steps of a trial as the proportion of the time spent by the receiver on the 77 

foraging site containing food. The specifications of the agents' neural networks were 78 

encoded in an artificial genome (Fig 1). The probability of transmission of genomes from 79 

one generation to the next was proportional to the performance of the agents. All 80 

experiments were initiated with completely naive agents (i.e., with randomly generated 81 

genomes that corresponded to randomly wired neural controllers) with no information 82 

about how to move and identify foraging sites or the nest location. Mutations occurred with 83 

a given probability during each of the 25’000 generations. 84 

 85 

Fig 1. Illustration of experimental setting. During each trial, food was randomly located 86 

on one of the five foraging sites (marked in red) located on a circle. Both the sender and 87 

the receiver always started a trial at position 0 on the circle, inside the communication 88 

area, which acted as a “nest” (marked in blue). The agents’ controllers were comprised of 89 

two continuous-time, recurrent neural networks with a fully connected hidden layer of five 90 

neurons. Connections between neurons are represented by black lines and input, hidden 91 

and output layers are respectively designated as I, H and O. See Materials and Methods 92 

for a complete description of the experimental setup. 93 
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 94 

Results 95 

 96 

Role of communication on performance 97 

To determine whether communication evolved and, if so, quantify how it influenced 98 

performance, we first conducted experimental evolution under two different treatments. In 99 

the communication treatment, the sender could freely signal while in the no-100 

communication treatment we prevented agents from communicating by fixing the signal 101 

perceived by the receiver to a constant zero value. Foraging efficiency rapidly increased 102 

in both the communication and no-communication treatments (Fig 2), but rose to be over 103 

double as high in the communication treatment than in the no-communication treatment 104 

(last generation: Mann-Whitney U test, P < 0.0001). 105 

 106 

Fig 2. Performance over generations of evolution depending on communication 107 

capabilities. Performance (i.e., proportion of time spent by the receiver on the site 108 

containing food) over the 25’000 generations of selection when individuals could freely 109 

communicate (green line) and when they were prevented from communicating (orange 110 

line). Each experimental treatment was replicated over 40 populations. The colored areas 111 

represent the first and third quartiles. 112 
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 113 

Analyses of individual behaviors provided an explanation for the higher 114 

performance in the communication than in the no-communication treatment. In the no-115 

communication treatment, 67% of the receivers evolved a strategy of always going to the 116 

same foraging site. Because food was placed at each of the 5 foraging sites once during 117 

the 5 trials, these individuals always found food in one of the five trials, hence leading to 118 

a performance close to 0.2 (i.e., nearly 20% of the time spent on a foraging site with food). 119 

The remaining 33% of the agents had a very different strategy. They moved slowly 120 

throughout the five foraging sites thereby spending about 20% of the time on each of the 121 

five foraging sites. Their performance was therefore also close to 0.2 but they were 122 

invariably classified as not having found food because they always spent less than 75% 123 

of the time on the foraging site containing food. By contrast, in the communication 124 

treatment 68% of the agents were able to locate food in two or more of the five trials (Fig 125 

3B) This, together with the much higher performance than in the no-communication 126 

treatment (Fig 2), revealed that an effective mode of displaced communication evolved 127 

between senders and receivers. 128 

 129 

Fig 3. Repartition of sites found depending on communication capabilities. 130 

Percentage of individuals, which found food 0, 1, 2, 3, 4 or 5 times during the five trials in 131 

the (A) no-communication and (B) communication treatments. Receivers were considered 132 

to have found food if they spent at least 15 of the last 20 time steps of a trial on the site 133 

containing food.  134 
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 135 

Mode of communication 136 

Since the neural networks of the senders were designed to allow senders to vary 137 

the signal amplitude as a means of communication, we expected that senders would 138 

signal which site contained food by using this mode of communication as this mode of 139 

communication would have provided a large potential of expressiveness to evolve. 140 

Surprisingly, however, there was no consistent difference at the end of the experiment 141 

(generation 25’000) in signal amplitude depending on the site at which food was located. 142 

Overall, the variation of signal amplitude between the five trials was only 0.005±5.03*10-143 

5. This unexpected result suggests that senders did not use signal amplitude to provide 144 

information on food location. This was confirmed in an additional experiment where we 145 

constrained the evolved senders to produce a signal of fixed amplitude, irrespective of the 146 

site at which food was located. This manipulation did not lead to a significant reduction in 147 

performance (mean performance: 0.471±0.005) compared to the treatment where signal 148 

amplitude was not constrained (mean performance: 0.472±0.005; Mann-Whitney U test P 149 

> 0.4), confirming that receivers did not use signal amplitude to localize food. 150 

 151 

Given that individuals did not transmit information by means of signal amplitude, 152 

we hypothesized that they instead used the timing of onset-delay and/or the duration of 153 

signaling as a source of information on food location. In the experiments, receivers could 154 

perceive a signal only when both the sender and receiver were simultaneously in the 155 
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communication area in the nest. Thus, information could be provided by variation in when 156 

the signal was first perceived by the receiver or by variation in the duration of the signal. 157 

To test these two hypotheses, we experimentally manipulated both the timing of onset-158 

delay and duration of signaling and measured performance during the last generation (see 159 

Materials and Methods). These experiments revealed that, depending on historical 160 

contingencies, populations evolved to rely on either source of information or both. 161 

Delaying the timing of onset-delay of signal production resulted in a significant decrease 162 

in performance in 38 out of the 40 populations (Mann-Whitney U test, P < 0.01, Fig 4 163 

orange bar), indicating that the timing of onset-delay was used as a vector of information 164 

in most populations. Constraining the signal duration resulted in a significant decrease in 165 

performance in 21 of the 40 populations (Mann-Whitney U test, P < 0.01, Fig 4 green bar 166 

-see also S1 Fig for the precise influence on performance for every population). In 20 of 167 

the 40 populations, performance was significantly decreased both when the timing of 168 

onset-delay of signaling was delayed and when the signaling duration was constrained, 169 

indicating that these populations relied on both modes of communication for food location 170 

(Mann-Whitney U test, P < 0.01, Fig 4 purple bar). 171 

 172 

Fig 4. Percentage of populations with decreased performance depending on 173 

communication mode. Percentage of the populations (n=40) where performance was 174 

significantly (Mann-Whitney U test, P < 0.01) decreased by preventing receivers from 175 

using information on the timing of signal onset-delay and/or duration. Length (green bar) 176 

represents the percentage of populations where performance was decreased when 177 
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constraining the duration of communication, Onset (orange bar) the percentage of 178 

populations where performance was decreased when delaying signal onset-delay and 179 

both (purple bar) the percentage of populations where performance was decreased when 180 

altering either the timing of signal onset-delay or the duration of signaling. 181 

 182 

The finding that receivers used the timing of onset-delay and duration of signaling 183 

as a source of information raises the question of how this evolved. We hypothesized that 184 

food location directly influenced the time of arrival of the sender in the communication area 185 

and therefore might have affected the timing of onset-delay and/or duration of signaling 186 

because senders would arrive earlier and signal longer when food was located at a 187 

foraging site close to the nest. Hence, the time of arrival to the nest would have first served 188 

as a cue, inadvertently providing information to the receiver about food location. To test 189 

this hypothesis, we determined for each population whether there was an association 190 

between variation in the timing of signal onset-delay depending on food location and the 191 

number of generations required for average performance to become significantly greater 192 

than 0.2 (i.e., the highest value reached in no-communication populations; see Materials 193 

and Methods). In all the 40 populations there was a close match between these two values 194 

with a performance value significantly greater than 0.2 being reached only 1.4±2.1 195 

generations (Fig 5) after the sender changed the timing of signal onset-delay depending 196 

on the site at which food was located. Accordingly, there was a strong correlation across 197 

populations (Pearson correlation, R = 0.90, P < 0.0001) between the number of 198 

generations required for senders to vary in their time of arrival to the nest as a function of 199 
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food location and the number of generations required for average performance to exceed 200 

0.2 201 

 202 

Fig 5. Number of generations before using signal onset-delay and surpassing 203 

performance threshold. For each of the 40 populations, number of generations required 204 

before senders changed signal onset-delay depending on the site at which food was 205 

located (in green). Number of generations required for the mean population performance 206 

to surpass the average performance (i.e., 0.2) in the no-communication populations (in 207 

orange).  208 
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 209 

Association between the mode of communication and 210 

performance 211 

Given the unexpected result that individuals used the onset-delay and duration of 212 

signaling in the nest instead of signal amplitude as a mode of communication, we 213 

conducted new experiments to investigate whether the agents would evolve the use of 214 

signal amplitude when prevented to use variation in signaling onset-delay and duration. 215 

This “constrained communication” experiment was performed by forcing senders to 216 

always move at a fixed velocity and in the same direction, hence preventing variation in 217 

time of arrival and time spent within the nest. 218 

  219 

The elimination of variation in timing of signal onset-delay or signal duration did 220 

indeed lead to the evolution of a communication system based on variation in signal 221 

amplitude. In this constrained treatment, the mean variation of signal amplitude between 222 

trials was 0.185±0.006, a value significantly greater (Mann-Whitney U test, P <0.0001) 223 

than in the unconstrained treatment, where there was almost no variation in signal 224 

amplitude between trials (0.005±5.03*10-5). Importantly, at the end of the selection 225 

experiment, the performance in the constrained communication treatment (0.510±0.008) 226 

was also significantly higher than in the unconstrained treatment (0.472±0.005; Mann-227 

Whitney U test, P<0.01). 228 
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 229 

The finding that communication mediated by the time of onset-delay/duration of 230 

signaling was less efficient than communication mediated by variation in signal amplitude 231 

raises the question of why individuals did not use the latter (more efficient) mode of 232 

communication when unconstrained. A possible explanation is that a system of 233 

communication mediated by signal amplitude is slower to evolve than communication 234 

based on signaling onset-delay/duration. To investigate this hypothesis, we analyzed how 235 

the performance changes over the first 5’000 generations when the mode of 236 

communication was unconstrained and when it was constrained not to use the onset-237 

delay/duration of signaling (Fig 6). This analysis revealed that unconstrained populations 238 

quickly reached a performance greater than 0.2 (the value that can be reached without 239 

communication) while constrained populations plateaued at this 0.2 performance for 240 

almost 800 generations. Overall, unconstrained populations were 42 times faster than the 241 

constrained populations to evolve a system of communication with a greater than 0.2 242 

performance (Mann-Whitney U test, P < 0.0001). The huge variation among the 40 243 

constrained populations in the number of generations (range 20-5000 generations) 244 

required to surpass the 0.2 performance value further indicates high stochasticity in the 245 

number of generations required for effective communication to evolve. 246 

 247 

Fig 6. Average performance in the first 5’000 generations of evolutions depending 248 

on treatment. Average performance in the unconstrained treatment (40 populations) and 249 

in the constrained treatment (40 populations) over the 5’000 first generation. Dashed lines 250 
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show the average performance achieved in the two treatments at the end of the 251 

experiments (i.e., in generation 25’000). 252 

 253 

Discussion  254 

Our analysis showed that experimental evolution with simple artificial agents readily led to 255 

the emergence of displaced communication providing information about the location of 256 

remote food sources. Surprisingly, although the agents were imbued with a dedicated 257 

signaling channel that could vary in amplitude, they did not use this channel as a mode of 258 

communication. Instead, they used either the timing of onset-delay and/or duration of 259 

signaling in the nest to communicate food location. Importantly, our analysis showed that 260 

it was not because the agents were unable to evolve a system of communication based 261 

on signal amplitude. When experimentally prevented from using the timing of onset-delay 262 

or duration of signaling, the agents were able to make use of signal amplitude as a mode 263 

of communication in all of the 40 populations studied. These findings are of particular 264 

interest because it has been argued that a satisfactory account of the origins of 265 

communication has been hindered by the fact that Artificial Life models have consistently 266 

implemented communication as an exchange of signals over dedicated and functionally 267 

isolated channels [24]. Our results support Quinn's view that it is possible to evolve 268 

communication without dedicated channels and that an understanding of how 269 

communication evolves in such situations is of particular interest to our understanding of 270 

the evolution of communication in natural systems.  271 
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 272 

Interestingly, many intraspecific signaling systems between animals having evolutionary 273 

overlapping interests (i.e., when the fitness of one depends, at least in part, on the fitness 274 

of the other -a in our experiments) have been shown to also rely on variation in signaling 275 

amplitude or duration (e.g. [25, 26, 27]) or variation in the rhythms [28]. This can be 276 

understood since such variation readily allows effective communication and because it 277 

can quickly evolve, as demonstrated by our experiments. 278 

 279 

A surprising result was that communication via signal amplitude was actually more efficient 280 

than communication based on signaling onset-delay/duration, raising the question of why 281 

agents invariably evolved the less efficient mode of communication in the unconstrained 282 

treatment. We hypothesized that this might be due to communication via signal amplitude 283 

taking more time to evolve than communication via the timing of signal onset-delay/signal 284 

duration. Our time-course analyses confirmed this hypothesis, showing that on average it 285 

took 42 times more generations for communication to evolve (i.e., for populations to reach 286 

higher performance than in the no-communication treatment) via signal amplitude than via 287 

the timing of signal onset-delay/signal duration. This finding can be explained by the fact 288 

that the time taken for agents to return to the nest was rapidly associated with the distance 289 

between food and the nest, thereby providing a useful cue to the receiver. By contrast, 290 

despite being more efficient, communication via signal amplitude was much slower to 291 

evolve - most likely because it first required that signal amplitude varied non-randomly 292 

among senders according to food location before the receivers could evolve an 293 
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appropriate response. In line with this view of a slow stochastic process being required for 294 

reaching a difficult evolutionary target, in the experiments where agents were constrained 295 

to use signal amplitude there was a large variation across populations in the number of 296 

generations required to surpass a performance score of 0.2 (the performance hallmark of 297 

some form of communication). 298 

 299 

Interestingly, our analysis revealed that once the populations had evolved a mode of 300 

communication based on the timing of signal onset-delay and/or signal duration, none of 301 

them were able to switch to the more efficient system of communication via signal 302 

amplitude. A likely reason for this is that switching from one system of communication to 303 

the other would require passing through a valley of lower performance values [29] where 304 

each population would have to abandon their original mode of communication to develop 305 

the other. This problem is likely to be particularly acute in the case of communication 306 

systems because changes in either the signaling or response strategy would destroy the 307 

communication system and result in a performance decrease [30, 31]. A similar 308 

phenomenon may account for some of the differences in signaling observed between 309 

closely related species or isolated populations of a given species. For example, Anolis 310 

lizards originating from different evolutionary ancestors have evolved different signaling 311 

systems in response to similar selective pressures [32]. 312 

 313 
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This study also supports the suggestion that communication may often evolve via 314 

ritualization, a process whereby an action or behavior pattern in an animal loses its original 315 

function to serve as a mode of display or other role in social interactions [33]. The path to 316 

communication revealed by our study is typical of such a process [2, 34]. The variations 317 

of motor actions initially acted as non-selected cues (i.e., timing of return to the nest and 318 

signal duration) that elicited an adaptive reaction in the receiver. Through selection, these 319 

cues then became full-fledged signals that provided reliable information about food 320 

location. Similarly, ritualization has been proposed as a route towards the evolution of the 321 

waggle dance in honeybees [35, 36]. Because communication based on the timing of 322 

signal onset-delay/duration is built from an existing behavior, its evolution was faster than 323 

that of communication based on signal amplitude which required the coordinated evolution 324 

of signal and response (i.e., coordination between senders and receivers). As a result, 325 

communication by signal amplitude never evolved when the agents could use the timing 326 

of signal onset-delay and/or signal duration in the unconstrained treatment. In conclusion, 327 

our study reveals that ritualization may play a more pervasive role than realized, in 328 

particular for the emergence of displaced communication. 329 

 330 
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Materials and Methods 331 

Experimental Setup 332 

The environment was a one-dimensional circle containing a nest where individuals 333 

could communicate with each other and five non-overlapping foraging sites at fixed 334 

positions: π/2, 3π/4, π, -3π/4 and – π/2 (Fig 1). Each foraging site's length was π/4. Each 335 

trial was always conducted with a sender and a receiver, both of which were initially 336 

located at position 0 on the circle. Each pair was evaluated over five trials, with food being 337 

located at each foraging site once and changed position at each trial in random order. The 338 

performance of each pair of sender-receiver agents was proportional to the number of 339 

time steps spent by the receiver on the foraging site containing food during the last 20 340 

time steps (out of 100) of each of the five trials. Starting from 0, performance was 341 

increased by 0.01 for each time step spent at the food location and thus the maximum 342 

performance achievable after five trials was equal to 1 [0.01*20*5].  343 

 344 

Each agent was controlled by an individual, fully-connected, continuous-time 345 

recurrent neural network (CTRNN) [37]. The agent could move around the circle in either 346 

direction (i.e., clockwise or counterclockwise) and freely vary their speed (i.e., angular 347 

velocity) from zero to a maximum of π/9. Agents could pass each other without collision. 348 

In addition, the sender was equipped with a floor sensor for food detection that would 349 

switch from 0 to 1 if food was present at a given foraging site. The sender could emit a 350 

.CC-BY 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted August 16, 2022. ; https://doi.org/10.1101/2022.08.16.504071doi: bioRxiv preprint 

https://doi.org/10.1101/2022.08.16.504071
http://creativecommons.org/licenses/by/4.0/


 

 

19 

 

signal expressed as a numerical value in the range from 0 to 1, which the receiver could 351 

perceive if both agents were in the nest. The nest was centered on 0 and was π /2 wide 352 

(i.e., extending from -π/4 to π/4). Outside of this area, the signal strength perceived by the 353 

receiver was equal to zero, independent of the strength of the signal sent. 354 

 355 

Both senders and receivers possessed two inputs indicating their own location 356 

(expressed as sine and cosine values). The sender had an additional input providing 357 

information on whether the foraging site on which it was contained food (1 if food was 358 

present, 0 otherwise) and the receiver had an additional input corresponding to the 359 

perceived signal strength. Each network included five hidden neurons with recurrent 360 

connections and two output neurons. The two output neurons controlled the speed and 361 

direction of the agent. Speed was computed as the absolute value of the difference 362 

between these two outputs and direction as the sign of this difference. In addition, the 363 

sender had a supplementary output encoding the signal strength. Each synaptic 364 

connection was encoded in a single gene whose real value was in the [0, 1] range. It was 365 

then mapped linearly in the [-4, 4] range to be used as a synaptic weight. The neuron's 366 

integration time constant τ and bias term θ were encoded in genes whose values were 367 

linearly mapped in the [0.1, 1.0] range and the [-2, 2] range respectively. This amounted 368 

to a total genome size of 77 [3x5 + 5x5 + 5x3 + 2x11] values for the sender and 70 [3x5 + 369 

5x5 + 5x2 + 2x10] values for the receiver. 370 

 371 
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Artificial Evolution 372 

Each of the 40 independent populations comprised 1’000 pairs of senders and 373 

receivers. At generation 0, each gene in the genome was initialized with a random value 374 

uniformly sampled from the [0, 1] range. Each sender was randomly paired with a receiver 375 

from the same population. The performance of this pair was evaluated across five trials; 376 

in each trial, food was randomly positioned at a different foraging site. After the 377 

performance of every pair had been evaluated, tournament selection [38] was separately 378 

applied to each group (tournament size = 10) to identify the 1’000 senders and 1’000 379 

receivers selected to produce the next generation. Each gene of a selected genome was 380 

mutated with a mutation rate 𝜇𝑁 which depended on the genome size, as follows: 381 

 382 

𝜇𝑁 =
𝜇

𝐺
, 383 

where 𝜇 is the baseline mutation rate, whose value is set to 0.5, and 𝐺 is the genome size. 384 

Thus, each gene had a mutation probability of 7.1*10-3 for a sender's genome and 6.5*10-385 

3 for a receiver's genome. For each mutated gene, we changed the value by a random 386 

value sampled according to a standard normal distribution. All populations evolved for 387 

25'000 generations. 388 

 389 
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Analysis of Communication Strategies 390 

To assess individuals’ performance and strategies, we determined the number of 391 

trials in which each receiver successfully found the food location. We considered that food 392 

was successfully found when receivers had a performance of at least 0.15 for a given trial 393 

(i.e., it spent at least 15 of the last 20 timesteps of a trial on the foraging site containing 394 

the food). 395 

 396 

To study how signal amplitude varied according to food location, we considered 397 

only the trials in which the receiver found the food location (as per the previous definition). 398 

For a given sender, we measured the difference in signal amplitude at the same time step 399 

between the five different trials. Mean signal variation 𝑆𝑖́ for each individual i was thus 400 

calculated as follows: 401 

    402 

𝑆𝑖́ =
1

100
∑

2

|𝑇|(|𝑇|−1)
100
𝑢=1 ∑ ∑ |𝑠𝑢𝑡1

− 𝑠𝑢𝑡2
|𝑡2∈𝑇,𝑡2≠𝑡1𝑡1∈𝑇 , 403 

where T was a set representing the 5 different trials (T = {1, 2, 3, 4, 5}, cardinality |𝑇| = 5), 404 

𝑡1and 𝑡2two different trials, 𝑢 the time step (in [1, 100]) and 𝑠𝑢𝑡𝑛
is the signal amplitude 405 

emitted by the sender at time step 𝑢 during trial 𝑡𝑛. 406 

 407 
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To study whether receivers relied on signal amplitude, we fed the receivers’ 408 

sensors with a signal that did not change according to the location of food (i.e., did not 409 

change between trials). Specifically, at each time step, the receiver was given a signal 410 

whose amplitude was equal, for a given time step, to the average signal amplitude emitted 411 

by the sender over the five trials at this time step. As such, the signal amplitude 𝑎𝑢 received 412 

at time step u was: 413 

 414 

𝑎𝑢 =
1

|𝑇|
∑ 𝑠𝑢𝑡𝑡∈𝑇 , 415 

where 𝑇, 𝑡, 𝑢 and 𝑠𝑢𝑡were the same variables as defined in the previous equation. 416 

 417 

We identified the first generation where there was a differences between the 5 418 

trials for each sender (i.e., when communication onset-delay was different depending on 419 

the foraging site at which food was located) to determine when senders began to actively 420 

communicate food location. To determine whether agents relied on the onset-delay of the 421 

signal we tested whether performance was affected when changing the onset-delay of 422 

signaling. To that end, the onset-delay of the signal was shifted (in time steps) by a value 423 

equal to the average difference of onset-delay value between trials. Receivers would thus 424 

perceive it earlier or later than it was actually emitted by the sender. To determine whether 425 

agents relied on the signal duration, we forced senders to stay in the communication area 426 

once they had entered it. In both cases, the average performance was then compared 427 

with control trials. 428 
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length was constrained and (B) communication onset was constrained.  513 
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