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Abstract 9 

Recent studies in group-living species suggest that being a valuable group member (a source of 10 

information or other resources) should increase social connectedness. This is because 11 

individuals may recognize and associate more with valuable individuals to increase the chances 12 

of benefiting from their activity, a process we refer to here as adaptive social plasticity. 13 

However, it is still unclear what minimum cognitive abilities are required for animals to alter 14 

their social interactions based on the value provided by different group members. We varied 15 

the cognitive skills of individuals in an agent-based model and evaluated changes in how access 16 

to a food resource impacts an informed agent’s social connectedness. We modeled a social 17 

foraging scenario in an arena with one food patch, which only one informed individual (i.e., 18 

producer) can make accessible. Agents’ movement decisions were driven by three cognitive-19 

based parameters: attention (probability of perceiving successful foragers), preference 20 

(probability of following successful foragers), and memory (number of time steps a successful 21 
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forager was remembered). To understand what combination of these parameters may facilitate 22 

adaptive social plasticity, we compared the producer’s strength (number of interactions) in a 23 

proximity network and the foraging success of non-producers between simulations with 24 

different combinations of parameter values. We found that non-zero values of each of our 25 

parameters are necessary for increases in producer strength and non-producer foraging success 26 

to occur. The largest increases in producer strength were seen at intermediate memory values 27 

and high values of attention and preference. Unless foragers were programmed to be able to 28 

move directly to the food patch when it was accessible to them, a non-zero value of memory 29 

was needed for them to experience an increase in foraging success. Furthermore, relationships 30 

between attention, memory, and foraging success were influenced by preference values, with 31 

the highest foraging success achieved at low to intermediate values of preference. Our results 32 

highlight the necessity of certain cognitive skills for animals to take advantage of the foraging 33 

success of their group mates, and scenarios in which rigid following behavior may lead to less 34 

beneficial results for foragers. This model lays the groundwork for further investigations into 35 

the cognitive and environmental factors expected to influence a feedback process between 36 

social connections and the value provided and received by group members.  37 

  38 



Introduction 39 

Social connectivity is a result of the actions of individuals, and recent work has drawn attention 40 

to the existence of feedbacks between individual social decisions and their social environment 41 

(Hobson and DeDeo 2015; Hobson et al. 2019; Kulahci and Quinn 2019; Cantor et al. 2021). For 42 

instance, individuals may respond to benefits provided by group members by choosing to 43 

affiliate more with group members that are able to solve novel foraging tasks (Fruteau et al. 44 

2009; Kulahci et al. 2018), which is likely to then influence the transmission of the skill through 45 

the group. We will refer to this process of altering social interaction patterns in ways that 46 

increase the benefits of interactions or decrease the costs as adaptive social plasticity (see also 47 

Kings et al. 2023). This process may occur as group members differentially access valuable 48 

information or social characteristics that change the benefits of interacting with others. 49 

Social decisions that aim to optimize the costs and benefits that individuals experience in their 50 

social environment may be influenced by cognitive abilities in some species (Wascher et al. 51 

2018; Hobson et al. 2021), with variation possible both at the individual level as well as varying 52 

across different species. However, cognitive abilities are difficult to manipulate in empirical 53 

experiments without the use of invasive procedures. As an alternative, we can infer what 54 

individuals may know about their group members, and the underlying cognitive mechanisms 55 

involved, based on how they interact. For example, social interaction patterns can provide 56 

insight into what information animals may use when making decisions such as with whom to 57 

associate. In one experiment, Kulahci et al. (2018) inferred that lemurs (Lemur catta) may have 58 

directed more affiliative interactions toward group members that were able to open a novel 59 



task because they perceived those group members to be knowledgeable individuals. In another 60 

study of social plasticity, Kings et al. (2023) found jackdaws (Corvus monedula) associated more 61 

with individuals that facilitated a greater reward in a social foraging manipulation. The authors 62 

argue their results are explained by individual discrimination and associative learning and find 63 

no evidence that jackdaws understood the causal role of their social partners in gaining rewards 64 

(Kings et al. 2023). While these approaches can provide indications of potential cognition 65 

underlying adaptive social plasticity, they cannot detect it or its effects on social decision-66 

making directly.  67 

Agent-based simulations can help in inferring connections between sociality and cognition 68 

because they allow us to build a virtual world containing agents that follow defined rules for 69 

engaging with their physical and social environment. Using such simulations, we can determine 70 

what social patterns are likely to emerge from the effects of specific cognitive skills that are 71 

programmed into agents. To understand the influence of cognitive skills on adaptive social 72 

plasticity, we can model a scenario in which one agent provides a valuable service to its group 73 

members. We can then observe what combination of cognitive skills results in changes to the 74 

social interactions received by the valuable social partner and whether agents simultaneously 75 

experience greater benefits. Modeling approaches have been used in combination with 76 

empirical studies to understand foraging dynamics. Social foraging is commonly understood as 77 

a producer-scrounger dynamic, where individual group members may take the role of 78 

producer, those that find or access food independently, or scrounger, those that take 79 

advantage of food patches found by others (Barnard and Sibly 1981). Models of producer-80 

scrounger dynamics have incorporated cognition in the form of learning rules that allow 81 



foragers to adjust their strategy use according to its payoffs (Beauchamp 2000; Dubois et al. 82 

2010; Katsnelson et al. 2012; Afshar and Giraldeau 2014).  Researchers have shown that these 83 

changes can also happen during empirical experiments, where animals can learn to adjust their 84 

use of the scrounging tactic to improve their foraging efficiency (Morand-Ferron and Giraldeau 85 

2010; Afshar et al. 2015; Reichert et al. 2021).  86 

We built an agent-based model to evaluate how cognitive skills interact to facilitate adaptive 87 

social plasticity in a foraging context. Our model was designed to resemble empirical 88 

experiments that have investigated how changes to the value of group members lead to 89 

changes in social interactions received by those group members (Kulahci et al. 2018; Blersch et 90 

al. 2024). In such experiments, the value of a group member is manipulated by giving it special 91 

access to a food source (a novel foraging task or automated feeder). We tested whether 92 

changing the value an individual provides to its group could cause its group members to 93 

adaptively respond and change how they interacted with the newly-valuable individual. In our 94 

model, we manipulated an individual’s value by changing which individuals could access a food 95 

patch. After creating a group of foragers with a single producer and one food patch, the model 96 

proceeded in three phases. In Phase 1, the food patch was accessible to any agent that found it. 97 

In Phase 2, only the producer had the ability to access the food (analogous to an experimental 98 

manipulation). Once the food in this phase was accessed by the producer, all other individuals 99 

could temporarily access the food patch as well, making the foraging success of scroungers in 100 

Phase 2 dependent on the producer’s actions. In Phase 3, we again allowed all individuals 101 

access to the food patches. Throughout all three phases, agents could perceive and remember 102 

others who ate at the food patch and used this information to make movement decisions 103 



(reflecting a scenario in which individuals follow group members that they associate with food 104 

or believe to be successful foragers).  105 

We investigated three main questions with this model. First, how did cognitive parameters 106 

influence changes in the producer’s connectedness in a social network based on proximity 107 

relationships when its social value was increased? Second, what parameter combinations 108 

allowed changes in the producer’s connectedness to persist after its social value was removed? 109 

Third, how did parameters influence the foraging success of scroungers? With the first two 110 

questions we aimed to understand the conditions leading to social plasticity, specifically what 111 

combination of cognitive skills led to adjustments in social interactions and persistence of these 112 

changes. With the third question we aimed to understand the conditions that allowed 113 

scroungers to make the most adaptive decisions, adjusting their social interactions with the 114 

producer in a way that benefitted them. 115 

Methods 116 

We used the software Netlogo version 6.4.0 (Wilensky 1999) to build a model of the social 117 

dynamics of a group of agents who use simple rules for following successful foragers. The 118 

purpose of this model is to evaluate the essential cognitive skills required for animals to 119 

adaptively change their associations with group members based on their perceived social value. 120 

We provide an overview of the model below. A more detailed description, following the ODD 121 

(Overview, Design concepts, Details) protocol (Grimm et al. 2006) as updated by (Grimm et al. 122 

2020), can be found in Supplemental Information 1. 123 



Model entities 124 

Agents in the model represent individually identifiable animals composing a social group. In 125 

each simulation, one agent is assigned the role of producer while the remaining agents play the 126 

role of scrounger. The producer and scroungers all have variables that track their energy levels 127 

(“energy”), store the identity of the successful forager that they perceived (“sf-seen”), and track 128 

the number of time steps since the successful forager was first perceived (“sf-seen-timer”). 129 

Finally, there is a single food patch in the center of the arena which holds resources that can be 130 

temporarily depleted by foragers.  131 

Model parameters 132 

We modeled three key parameters, which we call attention, preference, and memory, that we 133 

hypothesize are necessary for adaptive social plasticity to occur. To respond to the activity of 134 

group members, individuals must first perceive this activity and decide to adjust their 135 

associations with those social partners. If changes in social connections are to persist, 136 

individuals must be able to recognize and remember the group members of high social value. 137 

Attention in our model represents the likelihood of perceiving the foraging activity of others, 138 

preference represents the propensity to follow successful foragers, and memory reflects how 139 

long agents remember the successful forager they perceived. Higher attention and preference 140 

values in our model may be thought of as representing a greater reliance or value placed on 141 

social information. The ability to perceive the foraging activity of others is independent of the 142 

distance between agents as we are modeling an experimental scenario in which a group forages 143 

in a closed arena where there are no impediments to an individual’s ability to observe its group 144 



members. In the case of preference, higher values may also be thought of as representing a 145 

closer adherence to a “follow if successful” movement rule (like the “copy if successful” social 146 

learning strategy Laland 2004). For simplicity, our preference parameter does not explicitly 147 

incorporate a learning mechanism by which agents prefer to follow successful foragers. Finally, 148 

memory, the storage and retention of information over time, is a fundamental domain-general 149 

cognitive ability that underlies a variety of social behaviors. In our model, higher values of 150 

memory allow the effects of attention and preference to persist for more time within a 151 

simulation.  152 

We also incorporated and analyzed the effects of group size and direct attraction to food in our 153 

model and how the effects of the above cognitive skills may interact with these. Group size 154 

controls the number of agents in the simulation to represent a range of possible small group 155 

sizes. We expected larger changes in the producer’s strength between Phase 1 and Phase 2 of 156 

the model with increasing group size, but a negative relationship between the foraging success 157 

of agents and group size due to competition for resources. All simulations had one producer but 158 

differed in the number of scroungers. Asocial-information is a binary parameter (it could be 159 

enabled or disabled within a simulation) that controls whether scroungers are able to move 160 

directly toward the food patch when their energy level falls below a specified value. Having 161 

asocial-information enabled may be thought of as representing a scenario where scroungers 162 

have independent knowledge about food location and availability. This parameter allowed us to 163 

compare model outputs for situations where agents are able to easily find food even without 164 

responding to the foraging success of others (asocial-information enabled) and where agents 165 

have no independent knowledge of food availability (asocial-information disabled). 166 



Initialization and dynamics 167 

At initialization, the arena is resized according to the total number of individuals in the group, 168 

such that spatial density is kept constant across group sizes. Although this increases the area 169 

that larger groups would have to explore to find the food patch, the overall scale of the arena 170 

remains small and a larger number of individuals would provide more chances to find the food 171 

patch. The total number of agents in a simulation is determined by the group-size parameter 172 

(Table 1), where one agent is a producer and the rest are foragers; all individuals are assigned a 173 

random start location. Each agent receives an initial energy value, which can be thought of as 174 

reflecting its hunger level, and the food patch is created with a consistent initial amount of 175 

resources. 176 

Agents make movement and foraging decisions on discrete time steps (see Fig. 1 for details). 177 

The producer goes first and follows its own set of rules based on its current energy level and 178 

location with respect to the food patch. If the producer’s energy is high, it will take a step in a 179 

random direction, if its energy is low it will move directly toward the food patch, or feed if it is 180 

standing on the food patch. Feeding involves an agent increasing its own energy level while 181 

simultaneously decreasing the resource level of the food patch by a fixed amount. In addition 182 

to energy level and location, scrounger movements are influenced by their ability to remember 183 

one agent at a time that they saw feeding and are governed by four parameters: (1) attention, 184 

(2) preference, (3) memory, and (4) asocial-information (see Table 1 for definitions). Before 185 

making a movement or foraging decision, each scrounger first compares the value of its sf-seen-186 

timer to the memory parameter and updates its sf-seen (identity of an observed successful 187 

forager) and sf-seen-timer variables. Each scrounger then follows a series of steps to determine 188 



whether to feed, move toward the successful forager it remembers, move directly to the food 189 

patch (only possible when the asocial-information parameter is enabled), or move in a random 190 

direction. Agent movements can result in multiple agents temporarily occupying the same 191 

spatial location. All agents’ energy levels decrease by one at the end of their turn no matter 192 

what action they take. 193 

Once all agents have completed an action in the current time step, a final procedure for 194 

updating their sf-seen variable is run if there was at least one agent that fed in the current time 195 

step (Fig. 1). For simplicity we allowed each agent to remember just one successful forager at a 196 

time for the number of timesteps set by the memory parameter. Only after that time had 197 

passed could an agent change which individual was stored as its sf-seen.  198 

The model consists of three major phases, each lasting 100 time steps, for a total length of 300 199 

time steps per simulation, representing foraging interactions over a short timescale. In Phase 1, 200 

all agents can access the food patch themselves, which provides an opportunity to measure 201 

baseline levels of association. In Phase 2, the food patch must be accessed by the producer 202 

before any other agents are able to feed, which provides an opportunity to measure levels of 203 

association when the producer has added social value. Finally, in Phase 3, all agents are once 204 

again able to access the food themselves, providing a post-manipulation period we can use to 205 

assess the persistence of effects from Phase 2. In all three phases, the food patch can be 206 

depleted by foragers and will reset to its initial resource value once its resource value falls 207 

below a set threshold, which parallels experimental designs with artificial feeders which can be 208 

periodically reset.  In Phases 1 and 3, once the food patch is depleted below the threshold 209 



value, it disappears for five time steps after which it is reset to the initial resource value by any 210 

agent stepping on it. In Phase 2, once the food patch is accessed by the producer, it remains 211 

accessible to all agents until it is depleted below the set threshold (thus the foragers receive a 212 

benefit from the producer’s foraging success). After passing the threshold, the food patch 213 

resets to the initial resource value and must be made accessible by the producer again. The 214 

threshold to reset the food patch was kept constant across group sizes to reflect increasing 215 

competition for food with increasing group size (see Supplementary Figure S1 for information 216 

on the number of food patch resets with group size).  217 

 218 



 

Figure 1. Flowchart depicting the decision-making process of agents at each time step within 
a model run. Prompts within grey shaded areas are only relevant to the movement decisions 
of scroungers. The step to update the sf-seen variable is only executed if at least one agent 
chose to feed in the current time step. The same steps are taken no matter which phase of 
the model is running. *Scroungers move toward the food patch if it is currently accessible 
and asocial-information is enabled. If either of these conditions is not met, they follow the 
movement procedure outlined in grey. 
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Table 1. Global model parameters 220 

Parameter Meaning Values 

Group-size Total number of agents in a simulation 3, 6, 10, 15 

Attention  Probability of perceiving successful foragers 0, 0.25, 0.5, 0.75, 1 

Preference Probability of following successful foragers 0, 0.25, 0.5, 0.75, 1 

Memory Number of time steps a successful forager is 
remembered 

0, 50, 100, 150, 200 

Asocial-
information  

Whether scroungers can move directly to food Enabled, disabled 

 221 

Outcome measures 222 

For each time step of a simulation, we extracted the list of foragers that were within two spatial 223 

units of each agent. Each instance of a forager in proximity to another agent was considered a 224 

proximity interaction. We also extracted the identities saved in each agent’s sf-seen variable 225 

and each agent’s energy level.  226 

Using these data, we first determined the social connectedness of the producer in each model 227 

phase. We defined social connectedness within each phase as the sum of the producer’s 228 

number of proximity interactions across each time step in that phase (i.e., strength in the 229 

proximity network). We calculated the difference in the producer’s strength in the proximity 230 

network between each model phase. Changes between Phases 1 and 2 reflected the 231 

scroungers’ social plasticity in response to the producer’s added social value, while changes 232 

between Phase 3 and the other two phases indicated social plasticity, or the lack thereof, in 233 

response to the producer no longer having increased social value. To facilitate comparisons 234 



across group sizes, we scaled the producer’s strength by dividing it by the total group size 235 

before calculating differences in scaled strength between phases. 236 

Identities saved in each agent’s sf-seen variable were used to understand the proportion of 237 

time that the scroungers had perceived the correct individual as the producer. 238 

To understand the influence of each model parameter on the foraging success of scroungers, 239 

we calculated the median energy level achieved by scroungers at the end of each model run. 240 

Higher median energy reflected greater benefits received by scroungers as a result of following 241 

others (in simulations with asocial-information disabled) or a combination of following others 242 

and moving directly to food when it was available (in simulations with asocial-information 243 

enabled).  244 

Investigating adaptive social plasticity 245 

We explored whether different combinations of preference, memory, and attention values led 246 

to adaptive social plasticity in three contexts.  247 

First, we investigated cognition and social plasticity. We determined whether changing the 248 

value one individual (the producer) provided to the group would change how group members 249 

interacted with it. We explored the parameter combinations facilitating this outcome by 250 

comparing the producer’s strength in Phase 2 to Phase 1. We predicted that, under parameter 251 

combinations allowing social plasticity, the change in value that the producer provided to the 252 

group, by being the sole individual able to open the food patch in Phase 2, would result in the 253 

other group members associating more with the producer. Therefore, the producer’s strength 254 



would increase in Phase 2 (when social value was gained) compared to initial conditions in 255 

Phase 1 (no added social value). 256 

Second, we investigated cognition and the persistence of social changes. We determined 257 

whether any changes in associating with an individual who had become more valuable in the 258 

group persisted once that difference in value was removed. We compared the producer’s 259 

strength in Phase 3 with its strength in Phase 2. We predicted that if changing the value of an 260 

individual resulted in a change in socializing with that individual, that taking away the 261 

producer’s ability to differentially open the food would result in decreased strength, as others 262 

used social plasticity to return to previous levels of interaction.  263 

Third, we explored whether any social changes could be considered adaptive. We determined 264 

whether parameter combinations associated with changes in the producer’s strength were 265 

associated with the foraging success of other agents. To evaluate this, we compared the 266 

median energy value achieved by scroungers at the end of each simulation across parameter 267 

combinations. If social plasticity was adaptive, we predicted agents would have higher median 268 

energy values in simulations where they interacted more with the producer. 269 

Sensitivity analysis 270 

To understand the relationships between our model parameters and each outcome measure, 271 

we ran simulations across a wide parameter space. We ran the model 50 times for each of 1000 272 

parameter combinations, where attention and preference each varied by increments of 0.25 273 

(attention/preference = [0, 1]), memory varied by increments of 50 (memory = [0, 200]), group-274 



size varied across four values (group-size = {3, 6, 10, 15}) and asocial-information was enabled 275 

or disabled. 276 

If attention, preference, or memory was zero, foragers were only capable of making 277 

movements in random directions (when asocial-information was disabled) or directly toward an 278 

accessible food patch (when asocial-information was enabled). This allowed for comparisons of 279 

outcome measures to a baseline in each case within asocial-information conditions.  280 

Following initial explorations of the model output, we used Generalized Additive Models 281 

(GAMs) built with the “mgcv” R package to more thoroughly explore the nonlinear relationships 282 

between cognitive parameters and each of three response variables for simulations with a 283 

group size of 15 and asocial-information enabled. We ran three separate GAMs in which the 284 

response variable was the change in producer’s strength from Phase 1 to Phase 2, the change in 285 

producer’s strength from Phase 2 to Phase 3, or the median energy level achieved by 286 

scroungers. The predictor in each GAM was a tensor product interaction term including 287 

attention, preference, and memory, which tested for the existence of combined nonlinear 288 

effects on the response variable. We assessed model validity using residual plots provided by 289 

the gam.check function from the mgcv package. For our model of the change in producer’s 290 

strength from Phase 1 to Phase 2, we added a constant to all values to make them positive and 291 

square root transformed the variable to improve normality and homoscedasticity. Model fits 292 

were compared using the Akaike Information Criterion (AIC). 293 

Analyses were done in R version 4.1.0 (R Core Team 2021) 294 



Results 295 

Overall, we saw a clear influence of attention, preference, memory and asocial-information on 296 

both the magnitude of change in the producer’s strength between phases and the foraging 297 

success of scroungers. Patterns were often qualitatively similar across group sizes and asocial-298 

information conditions. We therefore present representative results for these parameters in 299 

some cases, but plots for all levels of these parameters are provided in Supplemental 300 

Information 1 (Figures S2, S3, S5, S6, S8 and S9).  301 

Which combinations of cognitive skills enabled social plasticity? 302 

We found that several parameter combinations resulted in an increase in producer strength 303 

from Phase 1 to Phase 2 when the producer became valuable due to gaining the ability to make 304 

food accessible. This was consistent with our prediction that producer strength would increase 305 

in Phase 2 compared to Phase 1 when agents had cognitive skills facilitating social plasticity. 306 

Non-zero values of all three parameters (attention, preference, and memory) were required for 307 

the producer to experience an increase in strength above a baseline produced by random 308 

movements alone or a combination of random movements and direct approaches toward food 309 

(Fig. 2). Increasing attention led to increased strength, but this increase was only seen up to 310 

attention values of 0.5, after which increasing attention had a negligible effect on strength (Fig. 311 

3A). Increasing preference led to a more linear increase in strength with no plateau (Fig. 3B). 312 

For both attention and preference, similar patterns were seen in both the asocial-information 313 

enabled and disabled model runs, but with more of a plateau with increasing preference when 314 

asocial-information was disabled (Supplementary Figure S3). In contrast, changes in memory 315 



led to different responses when asocial-information was enabled versus disabled. When 316 

asocial-information was disabled, there was a larger increase in strength from memory 0 to 50, 317 

but it then plateaued (Fig. 3C). However, when asocial-information was enabled, short and long 318 

memory resulted in smaller changes in strength compared to intermediate values where we 319 

saw a peak increase in strength (Fig. 3C).  320 

To examine the relationship between memory and the change in producer’s strength from 321 

Phase 1 to Phase 2 in more detail, we determined the identity of the individual stored in each 322 

agent’s memory. We found that the nonlinear effects of memory on strength were due to 323 

differences in whether the agents remembered the producer as the successful forager or had 324 

stored another individual in their memory. When asocial-information was enabled, 325 

intermediate values of memory were associated with the largest proportion of times agents 326 

stored the producer as the successful forager (Fig. 3D). When memory was greater than 100, 327 

the proportion of times agents stored the producer as the successful forager fell, reaching a 328 

median of zero for all group sizes when memory was 200 (Fig. 3D). This decrease for longer 329 

values of memory shows the drawbacks to longer but rigid memory in two ways. First, agents 330 

that stored the identity of a successful forager in Phase 1 who did not turn out to be the 331 

valuable individual in Phase 2 could not update their memories fast enough to exhibit adaptive 332 

social plasticity towards the producer. Second, agents could have identified the wrong 333 

individual as a successful forager even in Phase 2 if they failed to perceive the producer access 334 

the food but observed a scrounger at the food patch soon after. This was more likely to happen 335 

when asocial-information was enabled because scroungers were able to move directly to the 336 



food patch as soon as their energy decreased below a threshold and thus had a higher chance 337 

of being perceived feeding compared to simulations in which asocial-information was disabled.  338 

Larger group sizes tended to result in larger increases in strength across memory, attention, 339 

and preference values (Fig. 3).  340 

A Generalized Additive Model for a group size of 15 and asocial-information enabled confirmed 341 

a significant joint nonlinear relationship between our three cognitive parameters and the 342 

change in producer’s strength from Phase 1 to Phase 2 (EDF = 63.23, F = 63.89, p < 0.001). 343 

Fitted lines reinforced our interpretations of the patterns between predictor and response 344 

variables (Supplementary Figure S4).  345 

 

 

 

 

 

 

 

 

 

Figure 2. Median differences in the producer’s strength (scaled by group size) between Phase 
1 and Phase 2 for a group size of 15. Colors represent the magnitude and direction of change 
in strength from Phase 1 to Phase 2, either showing little to no change (dark blue), or an 
increase in strength (light blue through red) across 50 model runs. 
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Figure 3. Median and interquartile range of the change in scaled strength between Phase 1 
and Phase 2 from 50 model runs when (A) varying attention while keeping preference at 1 
and memory at 100, (B) varying preference while keeping attention at 1 and memory at 100, 
and (C) varying memory while keeping attention and preference at 1. (D) median and 
interquartile range of the proportion of times within phase two that the producer is being 
remembered as a successful forager by scroungers. Insets outline the sections of heatmaps in 
Figure 2 that correspond to the variable plotted on the x-axis. 
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  348 



Which combinations of cognitive skills allowed initial plastic social responses to persist? 349 

When we investigated whether changes in the producer’s strength seen in Phase 2 persisted 350 

into Phase 3, we found results partly consistent with our predictions. Consistent with patterns 351 

we saw in the producer’s strength between Phase 1 and Phase 2, increasing values of attention 352 

and preference at low to intermediate (50, 100) and high (200) values of memory were 353 

associated with larger changes, in this case decreases, in strength from Phase 2 to Phase 3 (Fig. 354 

4 and Fig. 5 A-B). However, when memory was 150, the producer’s strength sometimes 355 

increased in Phase 3 and larger increases occurred when asocial-information was enabled 356 

compared to when it was disabled (Fig. 5C). Once again, looking at the proportion of times 357 

agents stored the producer as the successful forager in their memory was informative. During 358 

Phase 3, this proportion was highest when memory was 150 (Fig. 5D). This suggests a memory 359 

of 150 was short enough for scroungers to forget whoever they remembered in Phase 1 but 360 

long enough to remember the producer in Phase 2 through Phase 3. In effect, this created a lag 361 

between when the producer’s role of making food accessible was active and when the 362 

scroungers chose to follow it. A memory of 200 in comparison may have prevented scroungers 363 

from changing who was in their memory in Phase 2, effectively preventing them from 364 

perceiving the producer’s increase in social value at all. 365 

Similar to our previous analysis, a Generalized Additive Model on data from simulations with a 366 

group size of 15 and asocial-information enabled confirmed a significant nonlinear relationship 367 

between our three cognitive parameters and the change in producer’s strength from Phase 2 to 368 

Phase 3 (EDF = 56.19, F = 74.05, p < 0.001). Fitted lines reinforced our interpretations of the 369 

patterns between predictor and response variables (Supplementary Figure S7). 370 



 371 

 372 

 

Figure 4. Median differences in the producer’s strength (scaled by group size) between Phase 
2 and Phase 3 for a group size of 15. Colors represent the magnitude and direction of change 
in strength from Phase 2 to Phase 3, either showing a decrease (dark blue through light blue), 
little to no change (teal) or an increase in strength (yellow through red) across 50 model runs.  
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Figure 5. Median and interquartile range of the change in scaled strength between Phase 2 
and Phase 3 when varying (A) attention while keeping preference at 1 and memory at 100, 
(B) preference while keeping attention at 1 and memory at 100, and (C) memory while 
keeping attention and preference at 1. (D) median and interquartile range of the proportion 
of times within phase three that the producer is being remembered as a successful forager by 
scroungers. Insets outline the sections of heatmaps that correspond to the variable plotted 
on the x-axis. 
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Did social plasticity provide benefits to scroungers?  376 

When examining the conditions in which scroungers benefited the most from their following 377 

decisions, we found evidence that conflicted with our prediction. Agents generally achieved a 378 

greater median energy when asocial-information was enabled compared to when it was 379 

disabled (Fig. 6). When asocial-information was enabled, our initial exploration of the data 380 

showed the median energy of scroungers tended to remain stable or decrease slightly with 381 

increasing attention (Fig. 7A) and memory (Fig. 7C). Low to intermediate values of preference 382 

were associated with the highest median energy values (Fig. 7B). Finally, larger group sizes were 383 

associated with lower median energy levels (Fig. 7), reflecting greater competition for resources 384 

in larger groups. 385 

Our Generalized Additive Model with median scrounger energy as the response variable 386 

showed a significant synergistic effect of the cognitive parameters (EDF = 86.6, F = 27.11, p < 387 

0.001). Visualizations of the effects revealed more complex relationships than our initial 388 

exploration. Median scrounger energy increased or decreased with increasing attention values 389 

depending on the value of the preference parameter (Fig. 8A). Our previous recognition of a 390 

peak in median energy occurring at low to intermediate values of preference was a consistent 391 

pattern across parameter combinations (Fig. 8B). There was a nonlinear relationship between 392 

memory and scrounger energy, which was also influenced by attention and preference values.  393 

Additionally, there was a consistent dip in energy when memory was 150 time steps long (Fig. 394 

8C). This dip likely relates to the lag between when the producer provided value in Phase 2 and 395 

when the scroungers chose to follow it in Phase 3, leading to missed foraging opportunities. 396 



 397 

 

Figure 6. Median energy achieved by scroungers at end of simulations across 50 model runs 
for a group size of 15. The color scale reflects a range from low foraging success (dark blue) to 
high foraging success (red). 

 398 



 

Figure 7. Median and interquartile range of the median energy achieved by scroungers when 
varying (A) attention while keeping preference at 1 and memory at 100, (B) preference while 
keeping attention at 1 and memory at 100, and (C) memory while keeping attention and 
preference at 1. Insets outline the sections of heatmaps in Figure 6 that correspond to the 
variable plotted on the x-axis. All plots show data from simulations with asocial-information 
enabled. 
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Figure 8. The tensor-product smooth functions for (A) attention, (B) preference, and (C) 
memory, showing synergistic nonlinear effects on the median energy achieved by scroungers. 
Shaded areas represent the 95% confidence interval. Only data from simulations with a group 
size of 15 and asocial-information enabled are shown. 
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 401 

Discussion 402 

Animals may adjust their social interactions to decrease the costs or increase the benefits they 403 

experience from their relationships, but the cognitive skills required for such adaptive social 404 

plasticity have not been studied directly. We built an agent-based model to investigate the 405 

cognitive skills necessary for adaptive social plasticity in a foraging context. We asked what 406 

combinations of cognitive skills were associated with plastic social responses to the producer’s 407 

increased social value, which were associated with the persistence of these initial social 408 

responses, and which were associated with greater foraging success for scroungers. Overall, we 409 

found evidence partly in line with our predictions, but some results relating to the effect of 410 

memory were unexpected.  411 

Cognitive skills enabling social plasticity 412 

We first asked what combination of cognitive parameters lead to increases in the producer’s 413 

strength in the group’s proximity network when its social value is increased. As expected, all 414 

three cognitive parameters were necessary to see plastic responses to the producer’s change in 415 

value. Furthermore, parameter combinations that facilitated following successful foragers led 416 



to stronger plastic responses. The producer’s strength increased in Phase 2 under high 417 

attention and preference values and short to intermediate memory.  418 

Our findings that the producer’s strength increased in Phase 2 under some conditions are in line 419 

with those of multiple empirical studies, supporting our view that the cognitive parameters we 420 

modeled may be relevant in the real-world. Fruteau et al. (2009) and Kulahci et al. (2018) both 421 

observed increased grooming rates experienced by individual primates that successfully opened 422 

novel foraging tasks. Birds have also been shown to increase their social associations with 423 

individuals that seemingly provided more reliable information about food location or that 424 

facilitated access to a feeder (Firth et al. 2016; Heinen et al. 2022; Kings et al. 2023). Similarly, 425 

Romero-González et al. (2020) showed that bumblebees (Bombus terrestris) learned the 426 

reward-predictive value of conspecifics and later chose to be in closer proximity to a live 427 

demonstrator that matched the phenotype of the previously reward-predicting conspecific 428 

models. To facilitate a deeper understanding of the cognition underlying the adaptive social 429 

plasticity exhibited in each of these systems, our model may be modified to more closely 430 

resemble each system and parameterized with real-world metrics like interaction rates.  431 

Our findings also resemble models of group formation or cooperation. Cantor and Farine (2018) 432 

showed that subgroupings of individuals can emerge if individuals choose to continue foraging 433 

with their most recent foraging partners if they were able to find enough food. Similarly, 434 

models of cooperation show it can be favored when individuals have control over who they 435 

interact (Santos et al. 2006; Aktipis 2011). These similarities emphasize the potential broad 436 

implications of adaptive social plasticity. The ability to perceive and adaptively respond to the 437 



benefits provided by group members may impact group structure and the development of 438 

trusted relationships. Our model can therefore adapted to provide a look at the cognition 439 

underlying these broader social outcomes.  440 

Cognitive skills allowing persistence of initial plastic social responses 441 

Our second research question focused on the persistence of scroungers’ initial responses to the 442 

producer’s added social value. We asked what parameters allowed changes in the producer’s 443 

strength to persist when it no longer had the sole ability to make the food patch accessible. 444 

Here the producer’s strength largely decreased under the same conditions as it had increased in 445 

Phase 2. Unexpectedly, there was a lag effect when memory was 150 causing agents to follow 446 

the producer more in Phase 3 compared to Phase 2, so the producer’s strength increased in the 447 

final phase. Constraints in our model dynamics, specifically that agents could only remember 448 

one successful forager at a time and only update it after enough time steps had passed, 449 

prevented a simpler pattern of longer persistence of the producer’s change in strength with 450 

longer memory from emerging. 451 

Cognitive skills facilitating greater foraging success for scroungers 452 

Our third research question focused on whether the social responses exhibited by scroungers 453 

benefitted them. We asked what parameter combinations were associated with greater 454 

foraging success for scroungers. Preference had a strong influence, with low to intermediate 455 

preference values associated with the highest energy levels for scroungers at the end of a 456 

simulation. Overall, agents benefitted the most from a strategy in which they only occasionally 457 



followed successful foragers and could more frequently update the successful forager in their 458 

memory. 459 

It has been theorized that the use of social information should be favored when environmental 460 

conditions are changing, but not too rapidly (Stephens 1991; Kendal et al. 2005; Aoki and 461 

Feldman 2014). If the environment is very volatile, social information may quickly become 462 

outdated. Indeed, multiple models have shown that selective use of social information can 463 

prevent costly foraging decisions (Garg et al. 2022) and be favored when environments or 464 

resources are fluctuating to some degree (McElreath et al. 2005; Smolla et al. 2015; Gilman et 465 

al. 2020). In our model, the main environmental change involved food accessibility, where the 466 

food patch was first accessible to all agents, then to the producer alone, and then to all agents 467 

again. A flexible use of social information in this context, exhibited at low to intermediate 468 

preference values, proved to be beneficial as agents could forage on their own in Phases 1 and 469 

3, but also take advantage of the producer’s foraging behavior in Phase 2. In contrast, a more 470 

strict adherence to following successful foragers was less beneficial due to the uncertainty 471 

about who the true producer was in Phase 1 (especially when asocial-information was enabled) 472 

and the inability of agents who remembered the wrong individual to correct their mistake in 473 

Phase 2. Our findings therefore reflect the existence of an optimal cognitive flexibility that 474 

allows agents to take advantage of knowledgeable individuals in the group without being stuck 475 

with outdated or inaccurate information.  476 

Our model provides a general representation of a foraging group of animals undergoing a single 477 

foraging event. Adding feedback between the foraging success of scroungers and their choice 478 



to follow other agents over consecutive foraging bouts would provide a more direct illustration 479 

of how evaluations of social value, and flexibility in the use of social information, influence 480 

social dynamics. A model of social dynamics could incorporate an explicit learning process, such 481 

as the linear operator learning rule (Beauchamp 2000; Katsnelson et al. 2012; Afshar and 482 

Giraldeau 2014) or Bayesian updating (Aubier and Kokko 2022; Perkes and Laskowski 2023), 483 

with which agents decide to associate with other individuals based on the foraging success they 484 

experienced from associating with those individuals in the past. Incorporating learning would 485 

have the added benefit of preventing potential artifacts with respect to the effect of memory 486 

on changes in social connectedness, which arose in our current model from limitations in the 487 

number of agents an individual could remember.  488 

Model limitations and potential future directions 489 

We have shown that the cognitive abilities modeled here can lead to changes in social 490 

relationships that could be beneficial for both the producer and scroungers. However, agent-491 

based models are usually simpler than real empirical systems and simplifying assumptions often 492 

must be made. In our model, one major simplifying assumption we made is that memory for 493 

successful foragers is rigid and unchanging over our memory timescales. In real systems, 494 

memory for particular individuals is likely to be less rigid, but in many animal species, we lack 495 

empirical evidence for memory formation and function. Relaxing this assumption could lead to 496 

different dynamics, which could be explored in future modeling work. In our model we also did 497 

not explicitly model the benefits that the producer might receive from achieving greater social 498 

connectedness. We are assuming that greater strength in a proximity network would be 499 

beneficial for the producer based on findings from empirical research (e.g., increased survival 500 



rates for more connected individuals, Cheney et al. 2016). Social network dynamics are often 501 

also influenced by costs, such as increased risk of disease transmission (Lopes et al. 2016; 502 

Stroeymeyt et al. 2018; Ripperger et al. 2020; Romano et al. 2020), which should be 503 

incorporated into future models.  In addition, we modeled a single valuable producer and a 504 

single food patch. Inclusion of multiple producers and/or multiple patches would create a more 505 

complex social landscape that could be used to test whether cognitive parameters like 506 

attention, preference, and memory, could lead to social patterns predicted under biological 507 

market theory (Noë and Hammerstein 1995; Fruteau et al. 2009). Finally, we modeled a 508 

scenario without previous social histories or preexisting relationships among individuals. These 509 

might be important as some animals have been shown to forgo foraging opportunities that 510 

would separate them from their close associates (Firth et al. 2015; Kings et al. 2023). Including 511 

pre-existing associations would allow for the exploration of the trade-off between managing 512 

long-term relationships and short-term adaptive social plasticity.  513 

Conclusion 514 

Using an agent-based model we showed that simple cognitive skills allow for potentially 515 

mutually beneficial changes in social relationships for producers and scroungers. Strong 516 

tendencies for scroungers to perceive and follow successful foragers led to large increases in 517 

the producer’s strength in a proximity network and the timing and magnitude of these 518 

increases was strongly influenced by memory. In comparison, weak tendencies for following 519 

successful foragers were associated with the best foraging success for scroungers. Given the 520 

ecological importance of foraging for wild animals, studying social foraging scenarios is a high 521 

priority for understanding social cognition. Foraging experiments allow researchers to tease 522 



apart the social and environmental factors responsible for social plasticity and these 523 

experiments provides a structure that can inspire agent-based models designed with the most 524 

critical factors in mind. Models may be built to closely match the dynamics of specific study 525 

systems to facilitate more direct comparisons between computational and empirical results. 526 

Future computational and empirical work on adaptive social plasticity could provide a deeper 527 

understanding of the cognition underlying this process.  528 
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Supplemental information 1 641 

Overview, Design concepts and Details 642 

Purpose.  643 

The model was built to facilitate a deeper understanding of the cognition necessary for 644 
adaptive social plasticity. We model three cognitive parameters and analyze their influences on 645 
changes in a valuable agent’s connectivity in a social network and the foraging success of the 646 
group.  647 

Entities, State Variables, and Scales.  648 

The model has four kinds of entities: a producer, scroungers, a food patch, and the observer 649 
(global environment). In each simulation there is always a single producer, which is the agent 650 
that receives a foraging advantage in Phase 2 of each model run. Scroungers are all agents 651 
other than the producer and the number of scroungers varies between 2 and 14. All agents 652 
have three state variables: energy, sf-seen, and sf-seen-timer. Energy denotes the energy level 653 
of the agent, sf-seen stores the identity of the agent who was perceived feeding, and sf-seen-654 
timer tracks the number of time steps that have passed since an identity was entered in the sf-655 
seen variable. Note that the sf-seen and sf-seen-timer variables do not influence the movement 656 
decisions of the producer. The four central grid cells in the model space together form a single 657 
square food patch. Each food patch grid cell has a resource-level variable that tracks the 658 
resources available, and a reset-counter variable that tracks the number of time steps that have 659 
passed since the food patch was depleted. Additionally, the accessibility status of the food 660 
patch is determined by its color (black = inaccessible to all agents, yellow = accessible to the 661 
producer, and green = accessible to all agents). Finally, the observer tracks global variables 662 
(Table 1) that were used either to control submodels or to store data to be used for analyses in 663 
R.  664 

The model represents a group of animals foraging in a closed arena. The spatial scale of the 665 
model varies with group size between a 15 by 15 cell arena for a group size of 3 and a 31 by 31 666 
cell arena for a group size of 15. Each simulation proceeds for a total of 300 time steps 667 
representing a single continuous foraging period. 668 

 669 

Table 1. Global variables and their meanings. Variables used for model dynamics are shown in 670 
bold text. 671 

Variable name Meaning 

current-succ-foragers List holding identities of successful foragers 
in each time step – updated at each time 
step 



prox-centrality-list List of integers representing the number of 
other agents in proximity to each individual – 
updated at each time step 

proxim-IDs List containing lists of identities of agents in 
proximity to each individual – updated at 
each time step 

fss-list List containing the sf-seen value of each 
individual – updated at each time step 

energy-list List containing the energy level of each 
individual – updated at each time step 

deplete-num Number of times the food patch was 
depleted during the first and third model 
phases 

reset-num-for Number of times the food patch was reset 
during the second model phase 

deplete-count Tracks number of time steps passed since the 
food patch was depleted in the first and third 
model phases 

 672 

Process Overview and Scheduling. 673 

After initialization, the model proceeds in three phases. In each phase, the agents make 674 
movement decisions influenced by the global parameters attention, preference, memory and 675 
asocial-information. In Phases 1 and 3, the food patch is accessible to all agents, but in Phase 2 676 
the food patch must be accessed by the producer before it can be accessed by any scrounger. 677 
The scheduling of the phases within each simulation allows for the determination of baseline 678 
proximity relationships (Phase 1), how the producer’s proximity relationships change when it 679 
has a foraging advantage (Phase 2), and whether any changes in the producer’s proximity 680 
relationships persist when it no longer has a foraging advantage (Phase 3). 681 

The same actions are executed at each time step no matter which phase of the simulation is 682 
ongoing. First, the observer resets the current-succ-foragers variable so that it is an empty list. 683 
Next, the producer decides whether to feed, move toward the food patch, or move in a random 684 
direction and updates the global variables current-succ-foragers and energy-list accordingly. 685 
Each scrounger then takes a turn, in a random order, deciding whether to feed, move toward 686 
the food patch, move toward the agent stored in its sf-seen variable, or move in a random 687 
direction. Scroungers also update the current-succ-foragers list and energy-list as appropriate. 688 



Decisions to feed increase the acting agent’s energy level while decreasing the food patch’s 689 
resource-level.  690 

After all agents have made their foraging/movement decisions, the deplete-count variable is 691 
increased by one if the food patch as a whole was depleted below a certain threshold resource-692 
level. If the current-succ-foragers list was updated by any agent, all agents run a procedure to 693 
determine whether they will update their sf-seen variable. Finally, procedures to update the 694 
fss-list, prox-centrality-list, and proxim-IDs variables are executed. 695 

Design Concepts. 696 

Our model was designed to resemble empirical experiments that have investigated how 697 
changes to the value of group members lead to changes in social interactions received by those 698 
group members (Kulahci et al. 2018; Blersch et al. 2024). In such experiments, the value of a 699 
group member is manipulated by giving it special access to a food source (a novel foraging task 700 
or automated feeder). 701 

The basic principle behind this model is the hypothesis that cognitive skills influence animals’ 702 
ability to exhibit adaptive social plasticity. We model attention, preference, and memory as 703 
cognitive parameters to understand how they influence the emergence of adaptive social 704 
plasticity in a foraging context. Attention is the probability with which agents perceive others 705 
that successfully foraged in a time step (and save the identity of one of those individuals in their 706 
sf-seen variable). Varying values of attention in our model are meant to reflect varying levels of 707 
perception or ability to sense the foraging activity of others (either as a result of underlying 708 
cognitive capacity, external environmental conditions, or varying underlying reliance on social 709 
information). Preference is the probability with which agents follow the individual they 710 
perceived as a successful forager and reflects a decision-making process. Varying values of 711 
preference are meant to represent differences in the value placed on social information that is 712 
perceived. Finally, memory is the number of time steps that agents store an individual in their 713 
sf-seen variable. Agents are not able to update their sf-seen variable until it resets after a 714 
number of time steps equal to the memory value have passed. 715 

Proximity relationships between agents (and therefore the producer’s strength in the proximity 716 
network) and their final energy levels emerge as a result of the movement decisions of agents.  717 

The main source of stochasticity in the model comes from the movement of agents in a 718 
randomly chosen direction when they decide not to execute any other movement or foraging 719 
options. Incorporating such stochasticity is meant to represent noise in proximity relationships. 720 

Model outcomes are extracted by having agents update global variables tracking proximity 721 
relationships and energy levels at each time step.  722 

Initialization. 723 



At initialization, the arena is resized according to the total number of individuals in the group 724 
(set by the group-size parameter), such that spatial density is kept constant across group sizes. 725 
One producer and a number of foragers (group-size - 1) are created and each receives an initial 726 
energy value drawn from a normal distribution with a mean of 50 and standard deviation of 10 727 
(this mean and standard deviation are constant across all simulations). Each agent starts with 728 
an empty sf-seen variable and a sf-seen-timer value of zero. Each agent is moved to a randomly 729 
selected empty patch in the arena. Next, the global variables are created as empty lists or with 730 
values of zero (for deplete-num, reset-num-for, and deplete-count). The initial energy values of 731 
agents are entered into the energy-list variable. Lastly, the food patch is created with an initial 732 
resource value of 400 (100 for each of the four cells that make up the food patch) and a reset-733 
counter value of zero. 734 

Input Data. 735 

The model does not use input data to represent time-varying processes. 736 

Submodels. 737 

The following processes occur at each time step within a simulation. 738 

Producer foraging and movement actions 739 

The producer takes one step in a random direction if its energy level is above a fixed threshold 740 
(50). It feeds (i.e., increases its energy level by 10 while simultaneously decreasing the resource 741 
level of the food patch by the same amount) when it is on the food patch and its energy level 742 
has dropped below the threshold. If it is not on a food patch and its energy level drops below a 743 
lower fixed threshold (30), it takes a step directly toward the food patch. In Phase 2 of each 744 
simulation, the food patch becomes accessible to all agents (it turns green) when the producer 745 
feeds. Producer movements are not influenced by the global parameters attention, preference, 746 
memory, and asocial-information.  747 

At the end of the producer’s turn it adds its own ID number to the current-succ-foragers list if it 748 
fed in that time step, decreases its energy-level by one, and adds its new energy-level to the 749 
energy-list variable. 750 

Scrounger foraging and movement actions 751 

Each scrounger first increases its sf-seen-timer by 1 if there is an agent ID saved in its sf-seen 752 
variable. If the sf-seen-timer value exceeds the value of the memory parameter, that 753 
scrounger’s sf-seen variable is erased, and it may remember a new agent in the future. Next, 754 
like the producer, the scrounger will take an action depending on its energy level and whether 755 
it is on the food patch. It feeds if its energy is below a threshold (50) and it is on the food patch 756 
when the food is accessible to non-producers. When asocial-information is enabled, the agent 757 
will move directly toward the accessible food patch if its energy is below the lower threshold 758 
(30). When asocial-information is disabled, agents are not able to move directly toward the 759 



food patch and their movement is only influenced by the other three parameters mentioned 760 
above (scroungers may still stumble upon the food patch and feed). Whether asocial-761 
information is enabled or not, scroungers run the “movement” procedure if their energy is 762 
above the high threshold (50), or the food patch is not currently accessible to them. Within the 763 
“movement” procedure, foragers draw a random number from 0 to 1 to determine whether 764 
they will follow the agent saved in their sf-seen variable. If the random number is below the 765 
value of the preference parameter, the scrounger takes a step toward its sf-seen. Scroungers 766 
whose sf-seen variable is empty, or that drew a number lower than preference, take a step in a 767 
random direction. 768 

At the end of a scroungers turn it adds its own ID number to the current-succ-foragers list if it 769 
fed in that time step, decreases its energy-level by one, and adds its new energy-level to the 770 
energy-list variable. 771 

Updating sf-seen 772 

A procedure for updating each agent’s sf-seen variable is run if there was at least one agent 773 
that fed in the current time step. Scroungers that do not have an agent ID saved in their sf-seen 774 
variable draw a random number from 0 to 1 to determine whether they perceived one of the 775 
successful foragers. If the random number is below the value of the attention parameter, the 776 
forager saves the ID of the successful forager in its sf-seen variable. If there were multiple 777 
successful foragers in the current time step, the ID of one of them is chosen at random to be 778 
saved in the sf-seen variable. If the random number drawn by the agent is equal to or greater 779 
than the value of attention, its sf-seen variable remains empty. 780 

Depleting and resetting the food patch 781 

In Phases 1 and 3, the food patch is depleted when the sum of the resource-levels of the four 782 
cells that make up the patch drop below 350. This involves turning the food patch black (so it is 783 
inaccessible to all agents) and resetting the resource-level to a total of 400. The deplete-num 784 
value is increased by one and the deplete-count variable is set to one here as well. The deplete-785 
count is increased by one at every time step until the food patch is made accessible again. It can 786 
only be made accessible once deplete-count reaches a value of five or greater and any agent 787 
with an energy-level below 50 steps on the food patch.  788 

In Phase 2, the food patch is also depleted when the total resource-level falls below 350. 789 
However, in this phase, the food patch is turned yellow (so it is only accessible by the producer) 790 
instead of black and the reset-num-for variable is increased by one. The food patch is only 791 
made accessible to all agents again the next time the producer feeds.  792 

Updating global variables 793 

The global variables prox-centrality-list, proxim-IDs, and fss-list are updated at the end of each 794 
time step. Each of these variables is a list with a length equal to the number of agents in the 795 
simulation and each item in the list corresponds to the ID number of each agent. Each agent 796 



counts the number of other agents within a radius of two units and enters this number into the 797 
appropriate item in the prox-centrality-list. To update proxim-IDs, each agent enters a list of the 798 
ID numbers of the agents in proximity to it into the appropriate item in the proxim-IDs list. 799 
Finally, to update fss-list, each agent adds the value of its sf-seen variable to the appropriate 800 
item in fss-list.  801 

 802 

 803 

 

Figure S1. (A) Number of times food patch was reset during the simulation across group sizes. 
(B) Median scrounger energy levels at the end of simulations across group sizes 
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Figure S2. Median change in producer’s strength from Phase 1 to Phase 2 across 50 model 
runs for (A) group size 3, (B) group size 6, and (C) group size 10. This figure corresponds to Fig 
2 in the main text. 
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Figure S3. Median and interquartile range of the change in scaled strength between Phase 1 
and Phase 2 when varying (A) attention while keeping preference at 1 and memory at 100, 
(B) preference while keeping attention at 1 and memory at 100. This figure corresponds to 
Fig 3 in the main text. 
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Figure S4. The tensor-product smooth interaction of attention, preference, and memory, 
showing a synergistic nonlinear effect on the change in scaled strength between Phase 1 
and Phase 2. Shaded areas represent the 95% confidence interval. Only data from 
simulations with a group size of 15 and asocial-information enabled are shown. 
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Figure S5. Median change in producer’s strength from Phase 2 to Phase 3 across 50 model 
runs for (A) group size 3, (B) group size 6, and (C) group size 10. This figure corresponds to Fig 
4 in the main text. 
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Figure S6. Median and interquartile range of the change in scaled strength between Phase 
2 and Phase 3 when varying (A) attention while keeping preference at 1 and memory at 
100, (B) preference while keeping attention at 1 and memory at 100. This figure 
corresponds to Fig 5 in the main text. 
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Figure S7. The tensor-product smooth interaction of attention, preference, and memory, 
showing a synergistic nonlinear effect on the change in scaled strength between Phase 1 
and Phase 2. Shaded areas represent the 95% confidence interval. Only data from 
simulations with a group size of 15 and asocial-information enabled are shown. 
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Figure S8. Median scrounger energy across 50 model runs for (A) group size 3, (B) group size 
6, and (C) group size 10. This figure corresponds to Fig 6 in the main text. 

 808 

 809 

 810 

0 50 100 150 200

A
s
o
c
ia

l 
in

fo
rm

a
tio

n
 

D
is

a
b
le

d

A
s
o

c
ia

l 
in

fo
rm

a
tio

n
 

E
n
a

b
le

d

0

0
.2

5

0
.5

0
.7

5 1 0

0
.2

5

0
.5

0
.7

5 1 0

0
.2

5

0
.5

0
.7

5 1 0

0
.2

5

0
.5

0
.7

5 1 0

0
.2

5

0
.5

0
.7

5 1

0

0.25

0.5

0.75

1

0

0.25

0.5

0.75

1

Preference

A
tt

e
n
ti
o
n

Scrounger energy

−207

−147

−87

−27

33

Memory

0 50 100 150 200

A
s
o
c
ia

l 
in

fo
rm

a
tio

n
 

D
is

a
b
le

d

A
s
o

c
ia

l 
in

fo
rm

a
tio

n
 

E
n

a
b
le

d

0

0
.2

5

0
.5

0
.7

5 1 0

0
.2

5

0
.5

0
.7

5 1 0

0
.2

5

0
.5

0
.7

5 1 0

0
.2

5

0
.5

0
.7

5 1 0

0
.2

5

0
.5

0
.7

5 1

0

0.25

0.5

0.75

1

0

0.25

0.5

0.75

1

Preference

A
tt

e
n
ti
o
n

Scrounger energy

−244

−183

−121

−60

2

Memory

0 50 100 150 200

A
s
o
c
ia

l 
in

fo
rm

a
tio

n
 

D
is

a
b
le

d

A
s
o

c
ia

l 
in

fo
rm

a
tio

n
 

E
n

a
b
le

d

0

0
.2

5

0
.5

0
.7

5 1 0

0
.2

5

0
.5

0
.7

5 1 0

0
.2

5

0
.5

0
.7

5 1 0

0
.2

5

0
.5

0
.7

5 1 0

0
.2

5

0
.5

0
.7

5 1

0

0.25

0.5

0.75

1

0

0.25

0.5

0.75

1

Preference

A
tt

e
n
ti
o
n

Scrounger energy

−247

−199

−150

−102

−54

Memory

A

B

C



 811 

 812 

 813 

 814 

 

Figure S9. Median and interquartile range of the median energy achieved by scroungers 
when varying (A) attention while keeping preference at 1 and memory at 100, (B) preference 
while keeping attention at 1 and memory at 100, and (C) memory while keeping attention 
and preference at 1. This figure corresponds to Fig 7 in the main text. 
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