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17 Abstract
18
19 The pathways through which primates acquire skills are a central focus of cultural evolution studies. The 
20 roles of social and genetic inheritance processes in skill acquisition are often confounded by environmental 
21 factors. Hybrid macaques from Koram Island, Thailand provide an opportunity to examine the roles of 
22 inheritance and social learning to skill acquisition within a single ecological setting. These hybrids are a 
23 cross between tool-using Burmese long-tailed (Macaca fascicularis aurea) and non-tool-using common 
24 long-tailed macaques (Macaca fascicularis fascicularis). This population provides an opportunity to explore 
25 the roles of social learning and inheritance processes while being able to exclude underlying ecological 
26 factors. Here, we investigate the roles of social learning and inheritance in tool use prevalence within this 
27 population using social network analysis and simulation. Agent-based modeling (ABM) is used to generate 
28 expectations for how social/asocial learning and inheritance structure the patterning in a social network. The 
29 results of the simulation show that various transmission mechanisms can be differentiated based on 
30 associations between individuals in a social network. The results provide an investigative framework for 
31 discussing tool-use transmission pathways in the Koram social network. By combining ABM, network 
32 analysis, and behavioral data from the field we can investigate the roles social learning and inheritance play 
33 in tool acquisition of wild primates.  

34 Introduction 

35 The emergence of tool use is argued to have facilitated the adaptive success of the human lineage 
36 [1]. Thus, the pathways through which tool use is transmitted across generations are a primary focus of 
37 cultural evolution studies [2–4]. While there is a consensus that tool use arises as the result of a combination 
38 of genetic and social processes, the contribution of these factors and their evolutionary implications 
39 continues to be debated [5–11]. According to the cognitive niche hypothesis tool use arises due to genetic 
40 changes that cause an increase in the capacity for problem-solving [9,12]. Selection for these cognitive 
41 capacities is then reinforced through the construction of tools that mitigate environmental constraints and 
42 increase fitness [10,13]. Others have argued that the selection of specific cognitive traits is not necessary as 
43 social learning can facilitate the accumulation of information across generations [11,14]. While this process 
44 is particularly potent in humans [14], population-scale cultural processes driven by social learning have also 
45 been argued to produce diverse behavioral patterns in primate populations [15–19]. 
46 As a result, there has been an increasing focus on identifying the mechanisms that non-human 
47 primates use to transfer skills between individuals to determine if some share evolutionary roots with those 
48 employed by humans [12,18,20–23]. Extensive work on various primate species, including chimpanzees 
49 (Pan troglodytes), macaques (macaca fascicularis), and capuchins (Sapajus libidinosus), indicate that the 
50 acquisition and transmission of tool-using behaviors are socially mediated [5,24,25,25–30]. Naive 
51 individuals often generate observational opportunities for themselves by maintaining proximity to tool users 
52 or showing interest in the residual materials associated with behavior [24,25,31,32]. For example, mothers 
53 often provide their offspring with observational learning opportunities critical for the acquisition of skills 
54 [31,33–35]. On the other hand, certain genetic predispositions are argued to provide the biological basis 
55 necessary for tool use [12,13]. For example, genetic evidence of chimpanzees has shown that general factors 
56 that influence the capacity to use tools such as problem-solving, motor skills, and social aptitude are 
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57 heritable [36,37]. However, whether the presence of a behavioral trait within a population is due to social or 
58 genetic factors is often obvious at the species level it is more difficult to discern within an individual species. 
59 Within a single primate species, the studies of transmission mechanisms often rely on between-group 
60 comparisons where researchers determine the influence of a transmission mechanism by attempting to rule 
61 out all other factors. However, between-group comparisons of various primate species are often confounded 
62 by the influence of ecology on observed patterns [22,38,39]. Moreover, group comparisons investigating 
63 whether behavior variation is due to genes or culture have produced contradictory results even when the 
64 same data sets are used [13,20,22]. For example, two studies that examined behavioral variation within Pan 
65 to determine that between-group behavioral variation was the result of cultural processes while the other 
66 suggested that these differences were due to genetics [20,22].
67  Hybrid populations provide a rare opportunity to investigate the social and/or genetic drivers of 
68 behavioral variation in a single ecological setting [40–42]. The long-tailed macaques of Koram Island, 
69 Thailand are a cross between, the tool using Burmese (Macaca fascicularis aurea) and non-tool using 
70 common (Macaca fascicularis fascicularis) subspecies [13]. The Burmese sub-species habitually use stone 
71 tools to forage for marine resources, including crabs, snails, and oysters [43–45]. In contrast, individuals 
72 from the common sub-species use tools in neither wild nor captive settings despite prolonged exposure to 
73 resources [13,46]. While the Koram population also uses tools to forage for a similar array of marine 
74 resources, observations suggest that variation in whether individuals use tools may be linked to differences in 
75 genetic contributions from each sub-species [13]. Previous research revealed that only about half of the 
76 Koram population were tool users; a substantially lower proportion of tool users than what is observed in a 
77 pure Burmese population [13]. A comparison of tool use frequency and phenotype found that individuals 
78 who displayed more Burmese-like features (hybrid-like) were significantly more likely to be tool users than 
79 those who displayed common-like phenotypes (see [13] for how the phenotype is determined). This work has 
80 led to the suggestion that traits conducive to acquiring tool use might be genetically inherited [13]. 
81 Observational studies have also provided evidence for socially mediated learning of tool skills 
82 [32,34].  Tool use emerges in the Koram individuals after a 3-year associative process [32]. A few months 
83 after birth, individuals will begin engaging with tool materials [32]. Over the following 2 years, initial object 
84 manipulation gives way to combining objects associated with tool use and eventually using them in 
85 percussive actions. Individuals continue to improve in skill and efficiency as they increase in age [32]. 
86 Analysis of grooming patterns suggests younger individuals will preferentially associate with older, more 
87 skilled tool users throughout this developmental period, further suggesting that social learning may play a 
88 role in the acquisition of tool use [34]. These macaques, therefore, provide the rare – potentially only – 
89 opportunity to study the social and inherited determinants of tool use within a single wild population of 
90 primates. 
91 Social network analysis allows us to characterize and quantify the associative relationships between 
92 individuals necessary for understanding information transmission patterns [47–49]. Such studies have 
93 successfully combined data regarding associative relationships with the appearance of behaviors in 
94 individuals to infer the information transmission mechanism influencing a population [28,29,50–52]   For 
95 example, network-based diffusion analyses combine social network analysis with data regarding the time and 
96 order of when specific individuals first exhibit a behavior within a population [51,52]. Despite the utility of 
97 SNA, the application of such analyses to wild primate populations requires multi-generational data that can 
98 take years if not decades to amass [53]. In many cases, observational data of primate behavior comprises 
99 only one or two generations of associations between individuals and thus lack the longitudinal depth required 

100 for network-based diffusion analysis. Therefore, methods that allow researchers to investigate information 
101 transmission processes in short-term datasets are needed. In order to develop such methods, however, it is 
102 critical to understand how various information transmission mechanisms influence the associations between 
103 knowledgeable and naïve individuals within a social network, 
104
105  Agent-based modeling (ABM) provides an investigative framework through which various 
106 processes can be simulated and their influence on social network patterns can be explored. The generative 
107 nature of ABM allows us to translate the dynamics associated with various mechanisms of information 
108 transfer into datasets that can be analyzed in the same way that real-world data is investigated. Therefore, the 
109 outcomes of the ABM can be used to develop tangible expectations for how various mechanisms of 
110 information transfer can be detected in real-world datasets. While these expectations do not allow us to make 
111 explicit inferences, they do provide an informed and investigative framework for discussing the potential 
112 roles of various information transmission processes in a living population.
113
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114  Here, we investigate how inheritance and social transmission processes potentially influence the 
115 associations between tool users and non-tool-users within a group of long-tailed hybrid macaques on Koram 
116 Island. We develop an agent-based model to explore how genetic inheritance, social transmission, and 
117 asocial transmission processes would structure the associations between tool users and non-tool-users within 
118 a social network. The social learning conditions of the ABM assume that naive individuals can only acquire 
119 tool use when they are in proximity to a tool user. Whereas, under inheritance conditions, tool use could only 
120 be gained via transmission from parents to offspring during reproduction. Under asocial conditions tool use 
121 is acquired independently. The associations between tool users and non-tool users elucidated by the models 
122 provide useful expectations for how various information transmission mechanisms impose patterning on a 
123 social network. We then discuss the associations between tool users and non-tool users observed in the 
124 hybrid macaque group on Koram Island in light of the outcomes of ABM. The results of this work, thus, 
125 provide a context by which to investigate the underlying mechanisms involved in the acquisition of tool use. 
126
127 Study Population
128
129 Koram Island is situated about 1 km off the shore of the Gulf of Thailand within Khao Sam Roi Yot 
130 National Park, Thailand. The island possesses about 3.5 km of coastline consisting of rocky shores with 
131 small sandy beaches where the macaques engage in tool-assisted foraging of marine invertebrates at low tide 
132 (Figure 1). Over 227 days between October 17, 2013, to December 2, 2014, focal data was collected on 69 
133 individuals from a single group. Focal follow data was collected during a daily four-hour window during low 
134 tide when marine invertebrates are accessible for foraging. Individuals were continuously sampled in random 
135 order at five-minute intervals culminating in a total 499 of hours of observation and 5990 focal scans. Author 
136 AT generated lists of individuals in randomized order and focal samples of individuals were conducted 
137 according to these lists. All data was recorded by narrating observations into a voice recorder and then 
138 transcribing into excel. During each focal, AT recorded data on tool use behavior including when individuals 
139 picked up and dropped tools, the starts, and ends of tool-use bouts, the number of strikes and hammering 
140 pattern applied, the type of food processed, and whether the bout was successful. AT also recorded social 
141 data including when the focal individual entered and exited a 1m radius of other individuals and the identities 
142 of these individuals, as well as the starts and ends of grooming bouts and identities of grooming partners. 
143 These data enable us to determine tool user status for all mature individuals (n=42) and construct social 
144 networks.
145
146 Figure 1: Male macaque using a stone hammer to forage on rock oysters (Photo credit: Amanda Tan)
147
148 In 2015, AT collected photographic data of the 42 individuals to assess their facial pelage patterns 
149 and assign them to a phenotypic category – common-like or hybrid-like [13,43]. Facial pelage has been 
150 shown to be an accurate proxy of phenotype as studies across Southeast Asia indicate that features of facial 
151 pelage associated with the two sub-species are distinct [54]. Hybrid individuals are recognized by the 
152 presence of varying combinations of common and Burmese features [55]. The hybrid phenotype is more 
153 similar to the tool-using Burmese long-tail pattern than the common phenotype implying a greater 
154 contribution of Burmese ancestry (See Gumert et al. [13], for a detailed description). To determine the 
155 phenotypic category, AT collected photos of the front sides of each individual’s face, and an independent 
156 rater classified them while blind to the individual’s tool-use ability. 
157
158 Analytical Methods
159
160 Characterization of associations during foraging
161
162 To investigate the role of various transmission mechanisms on tool use acquisition, associative 
163 relationships between tool users and non-tool users during foraging bouts were described using social 
164 network analysis [47]. Thus, a directed social network was constructed and quantified based on 1-meter 
165 proximity associations of Koram individuals during foraging using the igraph package (v1.3.4) in R (v4.1.2), 
166 [56,57]. Connections between individuals were weighted by the number of times they were observed within 
167 one meter of each other. A directed social network was chosen because each association is comprised of an 
168 individual engaging in foraging activity and an individual within a meter of the active individual. Therefore, 
169 the assumed transfer of information is from the active individual to the individual within 1 meter. 
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170 The position of each individual within the network was characterized by calculating each 
171 individual’s eigenvector (EV) centrality score [49]. EV-centrality is a commonly used measure to identify 
172 individuals who are most connected within a social group [28,48,58]. This measure has been proven to be 
173 important regarding social learning as individuals at the center of primate social networks are more 
174 knowledgeable and more likely to learn novel behaviors [28,58]. EV-centrality is calculated as the sum of 
175 centralities the of an individual’s neighbors [49]. Individuals at the center of a given network have more 
176 connections with other individuals and thus have higher EV-centrality values. In addition, since social 
177 learning requires to repeat encounters with tool users, each individual was also characterized in terms of their 
178 connection strength to tool users (strength). Connection strength characterizes how strong an individual’s 
179 connection is to another individual [59]. Connection strength to tool users was calculated by summing the 
180 weight of each connection that an individual has with the tool using individuals. 
181
182 Generating expectations for information transmission mechanisms
183
184 To place the Koram network analysis within a broader interpretive framework we developed three 
185 agent-based models (ABMs) to generate expectations for how social, inheritance or asocial learning 
186 mechanisms produce measurable patterns within a social network. The ABMs were developed in Python 3.9 
187 using the agent-based modeling python library MESA [60,61]. The full description of the ABM is provided 
188 as supplementary material and the code is actively maintained on the author’s git-hub page [62]. 
189
190 General Overview of the ABM environment
191
192 While the information transmission mechanisms vary between models, the general conditions of 
193 each model are the same. Each model is comprised of 100 agents that move through a 20 x 20 grid cell 
194 space, in a random fashion. When the model is instantiated 100 agents are randomly distributed onto the grid 
195 space. To match the measured attributes, present within the Koram dataset, agents possess the attributes tool-
196 user-status, phenotype, and age. Tool user status corresponds to whether the agent possesses the ability to use 
197 tools. Of the initial 100 agents, 99 are classified as non-tool-users. Phenotype is randomly assigned as either 
198 “hybrid-like” or “common-like” to reflect the phenotypic categories within the Koram population. Age is 
199 initially assigned by randomly drawing a number between 0 and 100. Age does not equate to years but rather 
200 the number of time steps an individual has existed in the grid space. We assign a random number to the age 
201 of the initial agents in the simulation to prevent mass die-off events during the simulation. The single 
202 remaining agent is given tool-user status, the hybrid-like phenotype, and an age of 25 time steps. To consider 
203 that, within the Koram population, tool use is acquired as a part of a multi-year developmental process agents 
204 with an age of 25 or less cannot acquire the tool-use trait.
205 During each time step, each agent moves a unit of 1 time step by randomly choosing one of its 
206 neighboring grid cells. Then, agents then have the opportunity to acquire tool use according to the conditions 
207 of one of three modeled transmission modes (See below). Each simulation runs until 50% of the population 
208 gains the tool use skill, the proportion of tool users present within the Koram macaques [13]. 
209
210 Models transmission mechanisms 
211
212 Social Learning Model
213
214 Under conditions of the social learning model, the tool-use trait is only acquired through interactions 
215 with agents who already possess the tool-user trait. During each time step agents have a chance to acquire 
216 tool-user status if they move into a grid cell occupied by a tool-using agent. The likelihood that an agent 
217 becomes a tool user is determined based on the number of previous encounters with tool users. Each time a 
218 naïve agent encounters a tool user, the likelihood that they acquire the trait increases by 1%. While 1% 
219 appears to be a small increase, this value was chosen given that the Koram Macaques acquire tool use over a 
220 3-year associative process. Therefore, a 1% increase is appropriate given the rate at which the Koram 
221 macaques learn tool use in the wild. Thus, as an agent accrues proximity interactions with tool users, the 
222 likelihood of skill acquisition increases. 
223
224 Genetic Inheritance Model
225

Page 5 of 20

http://mc.manuscriptcentral.com/prsb

Submitted to Proceedings of the Royal Society B: For Review Only



226 Under conditions of genetic inheritance, the tool-use trait is passed from parent to offspring via reproduction. 
227 Therefore, additional parameters governing reproduction, aging, death, and population size are defined. In 
228 addition to the general parameters outlined above, the age of agents increases by a unit of 1 during each 
229 timestep. The age of the agent corresponds to the number of time steps the agent has existed in the grid 
230 space. Then the agent will then determine if it lives or dies. Whether the agent dies is determined by drawing 
231 from a binomial distribution with a baseline death probability of .0001. This baseline is further weighted by 
232 the age of the agent by adding the agent of the agent divided by .00001. Therefore, the likelihood of death is 
233 kept at any given time-step is low. The death probability is kept intentionally low to ensure that agents 
234 remain alive long enough to have a chance to reproduce with another agent.  
235 Agents can also reproduce when they share a grid cell with another agent, creating a new agent with 
236 an age of 0. Reproductive events occur when two agents share the same grid cell. During which, a new agent 
237 (the “offspring”) is created at the same location as the parent agents. The offspring’s phenotype is inherited 
238 from the parents using the following system: if both parents possess the same phenotype (i.e. “hybrid-like” 
239 or “common-like”), then the offspring agent will be assigned this phenotype. If the parents’ phenotypes 
240 differ from each other, then the offspring’s phenotype is assigned based on a random choice. To explicitly 
241 model the notion that phenotype predicts tool use - as is suggested by Gumert et. al. [13] - the tool use trait is 
242 only inherited when the “hybrid-like” phenotype is also inherited.
243 Finally, to consider the influence between mothers, their offspring, and the acquisition of tool use, 
244 newly born agents move depending on their mother’s location. As offspring increase in age, the influence of 
245 the mother’s location on their movement lessens and their movement eventually becomes random (as defined 
246 above). Within the simulation, agents preferentially pick the neighboring grid cell that minimizes the 
247 distance from their mother. The probability that agents chose this grid cell equal to two times and age of the 
248 agent divided by 100. This ensures agents will almost always follow their mother agents when they are very 
249 young but less so when they are older. 
250
251 Asocial Model
252
253 Given that the Koram data is comprised of proximity associations during foraging, it is important to 
254 rule out the influence of ecological processes on the structure of the social network. For example, locations 
255 of tool-required resources could cause tool users to occupy specific locations within the wider foraging 
256 landscape. Such a phenomenon could cause non-random associations between tool-users and non-tool-users 
257 simply due to a preference for specific locations as opposed to information transmission. Thus, within the 
258 asocial model agents are given a five percent chance to independently acquire the tool use trait after every 
259 time step. Moreover, to examine the effect of spatial preference, agents with the tool-use trait will 
260 preferentially, according to a user-defined probability, move toward the location of “attractors” that are 
261 randomly distributed within the grid space. The chance that a tool-using agent will move towards an attractor 
262 was set to 25%. Furthermore, the influence of resource attraction on the preferential association of tool users 
263 is likely dependent on the number of resources that require tool use to gain access. If the foraging landscape 
264 possesses a single location where tool use is required, then we expect a strong association between tool users 
265 because they will all gravitate to a single location. However, if resources are abundant and widespread, the 
266 effect of resource attraction on the number of associations between tool users might be weak. To examine 
267 this relationship, we varied the number of “attractors” present also varied between 1, 10, and 200. 
268
269 Generative output
270
271 At the end of each simulation, a record of proximity associations between agents is outputted. An 
272 association is defined as any time two agents share the same grid cell. In addition, agent-specific information 
273 including, age, phenotype, and tool-user status is also exported. These data are then analyzed in the same 
274 fashion as the observed data, allowing the ABM data to be investigated in the same manner as the data 
275 collected from Koram.
276
277 Statistical Analysis
278
279 To investigate the outcomes of the data generated by the agent-based model with the observed data 
280 from Koram Island, we developed a binomial linear model with a logit function to test the effects of 
281 phenotype, age, and foraging associations on tool user status. In addition to the data from Koram Island, this 
282 statistical model is also applied to data generated from 30 iterations of each condition of the agent-based 
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283 model. By applying the same statistical model to both data sets we gain insight into how the variables age, 
284 phenotype, EV-centrality, and strength influence the tool use status under various conditions of information 
285 transfer. In doing so, it becomes possible to assess the roles of social learning, inheritance, and asocial 
286 processes in the acquisition of tool use within the Koram macaques. Code, equations, and measures of 
287 performance associated with this model are provided as supplementary material and available on the author’s 
288 git-hub page.
289 The response variable is defined as tool user status (T).  To examine the effect of phenotype on tool-
290 user status, phenotype (P) was included as a categorical variable. Moreover, to assess the effect of social 
291 network position on tool-user status, EV-centrality (C) and Strength (S) were included as continuous 
292 variables.  Age (A) was also included in the model as a control variable given that tool use is only observed 
293 in individuals after 2.5-3.5 years. To do so, age was broken down into the categories developmental age and 
294 tool user age and included as interaction with both phenotype, EV-centrality, Strength. We used uninformed 
295 regularizing priors to ensure the model did not produce unrealistic outcomes. Priors for age and phenotype 
296 were represented by a normal distribution with a mean of 0 and a standard deviation of 1. The prior for 
297 centrality is modeled as Log-Normal distribution as previous studies show that increasing centrality increases 
298 the likelihood of receiving new information [28]. Similarly, the prior for strength was also included as a Log-
299 Normal distribution as the more The model was fit to each of the simulated conditions of social learning and 
300 inheritance as well as the data from Koram Island using the Hamiltonian Monte Carlo engine in Stan 
301 v.2.28.1 [63] using the rethinking package in R v4.1.2  [64].
302
303 Results
304
305  Simulations
306
307 Summaries of the marginal distributions of each parameter under each simulated condition are 
308 presented in Tables 1 and 2. However, each parameter cannot be directly interpreted as to its importance in 
309 determining the likelihood that an individual is a tool used due to the interactions between the variables. 
310 Instead, these values should be viewed in combination with the posterior predictions visualized in Figures 1, 
311 2, and 3. A full summary of the diagnostics and visualizations can be found on the author’s GitHub page 
312 (S1). 
313 As expected, the effect of age is consistent across all information transmission conditions. Recall 
314 that the ABM explicitly prevents the agent under the age of 25 from acquiring the tool-use trait. Therefore, 
315 the likelihood that an individual is under the minimum age necessary to acquire tool use is zero.  For 
316 individuals who are of age to learn to use tools, the variables that influence the likelihood of tool user status 
317 are dependent on the mode of information transmission. Under conditions of social learning, both strength 
318 and centrality are important factors in determining tool-user status. The average tool user possessed greater 
319 strength values than non-tool users in 97% of the model iterations. In terms of EV-centrality, the average tool 
320 users possessed greater centrality values than non-tool-users in 77% of the iterations. Strength has the 
321 strongest positive effect on the likelihood that an agent is a tool user (Figure 2). Individuals that establish 
322 stronger connections with tool users are more likely to become tool users than those who do not. Moreover, 
323 EV-centrality also has a positive effect on the likelihood that an individual is a tool user. Individuals that 
324 hold central positions are those that have established connections with many other individuals and are 
325 therefore more likely to have encountered tool users. However, the effect of EV-centrality is substantially 
326 milder when compared to strength. On the other hand, Phenotype has no influence on tool-user status under 
327 social learning conditions. This is also to be expected, given that agents do not bias in who they affiliate with 
328 according to the phenotype variable. There is little difference in the likelihood that an individual is a tool 
329 user when the phenotype is considered (Figure 2).
330
331 Figure 2: Posterior predictive plots illustrating the effect of social network position (EV-centrality 
332 and strength on the x-axis) on tool user status according to phenotype (in individuals old enough to be able to 
333 use tools) under simulated conditions of social learning and inheritance, alongside the Koram Island 
334 macaques.  Note that there is a wide range of uncertainty associated with the data from Koram Island. 
335 Nevertheless, the social learning simulation falls within the 89% compatibility interval surrounding the 
336 observed data from Koram Island. Whereas the inheritance simulation generally falls outside of this 
337 compatibility interval. 
338
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339 In contrast to the social learning condition, phenotype has the greatest effect on tool user status under 
340 conditions of inheritance. Agents with a “hybrid-like” phenotype have a 60% chance of being a tool user, 
341 whereas those with a “common-like” phenotype have zero chance. Again, this is to be expected as tool use 
342 can only be inherited from individuals with a “hybrid-like” phenotype. In addition, there is very little 
343 difference between the centrality scores of tool users and non-tool-users with the average difference between 
344 tool users and non-tool-users being .01. As a result, centrality has a marginal effect on tool user status under 
345 conditions of genetic inheritance (Figure 2). This is because pure inheritance decouples the acquisition of the 
346 tool-use skill from social encounters with other tool users. Although it is less prominent than what is 
347 observed in the social learning model, strength still has a positive effect on tool-user status. This effect is 
348 driven by the spatial associations between new offspring agents and tool-using mothers. Given that offspring 
349 attempt to minimize the distance from their mothers, offspring that inherit tool-user status will preferentially 
350 associate with tool users, thus increasing their connection strength with tool users.
351
352 Table 1: Marginal distributions for each Bayesian model associated with the social learning and genetic 
353 inheritance ABM conditions and the Koram data
354
355 The results of the asocial model indicate that a mere attraction to specific locations can have a strong 
356 effect on the relationship between tool users and non-tool-users within a social network (Table 2). When 
357 there is a single attractor the asocial model both measures of strength and EV-centrality have a strong 
358 positive effect on the likelihood of tool-user status (Figure 3). This is due to the fact that the attraction to a 
359 single or few places in the landscape causes tool users to aggregate at the same locations and are, thus, more 
360 likely to associate with each other than non-tool-users. However, as the number of preferred locations 
361 increases, this effect diminishes as the increasing number of attractors ensures that tool users do not spend all 
362 their time in a single part of the grid space. The positive effect of strength and EV-centrality on tool user 
363 status is reduced to a marginal influence as the proportion of attractors reaches 50%.  
364
365 Table 2: Marginal distributions for each Bayesian model associated with the asocial learning ABM 
366 conditions.
367
368 Observational data of the Koram macaques
369
370 When the observed data from Koram is considered, age has a similar effect on the likelihood that an 
371 individual is a tool user when compared with all of the model results. Individuals younger than the age at 
372 which tool use typically emerges (infants, juveniles), are unlikely to be tool users regardless of their social 
373 network position or phenotype (Table 1). This is to be expected given the multi-year process over which tool 
374 use emerges [49]. However, the observed data reveals a negative effect on the likelihood that an individual 
375 becomes a tool user that is not as severe as the effects reported in the simulated data (Figure 2). This is likely 
376 because there is a time window in which tool use emerges within the Koram individuals as opposed to the set 
377 age at which tool use appears. Therefore, within the Koram data, a few individuals may acquire tool use at an 
378 earlier age.  
379
380 Figure 3: Posterior predictive plots illustrating the effect of social network position (EV-centrality 
381 and strength on the x-axis) on tool user status according to phenotype (in individuals old enough to be able to 
382 use tools) under model asocial conditions. Note that the pattern associated with the asocial model is heavily 
383 influenced by the number of attractors included in the model. 
384
385 Among individuals of tool-using age, centrality, and strength both have a positive effect on the 
386 likelihood that an individual is a tool user (Figure 2, 4). Individuals who hold more central locations and are 
387 more strongly connected with other tool users within the social network are, thus, more likely to be tool users 
388 than those on the periphery (Figure 4). Phenotype also influences tool user status among the Koram 
389 macaques. Individuals with a hybrid-like phenotype are 11% more likely to become tool-users than those 
390 possessing a common-like phenotype. However, this is particularly the case when individuals hold more 
391 central positions in the social network. The increased positive effect of possessing a hybrid-like phenotype 
392 on tool use falls within the 89% compatibility interval associated with the common-like phenotype. 
393
394 Figure 4: The Koram social network compared to examples of social networks generated by the simulated 
395 conditions of social learning and inheritance. The Koram social network is based on 1-meter proximity data 
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396 during foraging. That tool-users (displayed in red) hold more central positions than non-tool-users within the 
397 Koram network. The insets (A and B) show examples of simulated social networks under different 
398 conditions of information transfer. The layout of the social networks is force-directed, nodes that are closer 
399 to each other share more connections with each other than those that are farther away. A. Social Learning 
400 Condition: An example of a simulation where tool use is transmitted through social learning.  Note that tool 
401 users are more centrally clustered than non-tool users. B. Genetic Inheritance Condition: An example of a 
402 simulation where tool use is transmitted through inheritance. Note that there is less of a structured 
403 relationship between tool users and non-tool-users. 
404
405 Discussion
406
407 Understanding the pathways through which primates acquire tool use is an important facet of 
408 cultural evolution research. Yet, inferring the mechanisms by which wild primates acquire skills remains 
409 difficult. The integration of agent-based simulation with a Bayesian linear model provides expectations for 
410 how social learning, asocial, and genetic inheritance processes can be distinguished using social network 
411 data. Under conditions of social learning individuals that hold more central positions within the network and 
412 have stronger connections to other tool users are more likely to be tool users themselves. Under conditions of 
413 pure genetic inheritance, neither centrality nor strength will have a positive influence on an individual’s 
414 status as a tool user. If phenotype and the genetic inheritance of tool use are linked, as they are in the ABM, 
415 it should be expected that individuals carrying the ‘hybrid-like’ phenotype will have a positive effect on tool-
416 user status. Our results also show how food resource distribution can produce preferential associations 
417 between tool users. Nevertheless, when food resources are abundant, connection strength to tool users and 
418 EV-centrality have little effect on the likelihood that an individual becomes a tool user. These results 
419 demonstrate that the statistical model we applied is effective in detecting differences in data sets generated 
420 by the three model conditions. 
421 When the social network patterning in the Koram population is compared to the ABM results, a 
422 number of consistencies and inconsistencies are observed. These similarities and differences provide an 
423 interpretative context through which the influence of information transmission processes on skill acquisition, 
424 within a living population, can be discussed. When the Koram macaques are considered, the positive effect 
425 of EV-centrality and strength on tool-user status is similar to what is predicted by the social learning model. 
426 This finding is also consistent with observations of the associative learning process through which tool use 
427 emerges within the group [32]. In comparison with the social learning model, however, the observed effect 
428 of strength on tool user status is less strong, whereas the effect of EV-centrality is stronger. The positive 
429 effects of EV-centrality and strength on tool user status are also consistent with the asocial model, 
430 particularly when the number of fixed resources is few. At face value, the similarities with the asocial 
431 learning model may suggest that the pattern observed within the Koram population could simply reflect a 
432 preference for tool users to occupy specific places during foraging. However, when the abundance resources 
433 on of Koram Island is considered, it is clear that this is not the case.  The shores on which the Koram 
434 macaques forage are rich in marine resources implying that there is an abundance of locations where tools 
435 can be used. Moreover, while oysters are sessile upon a fixed substrate (e.g. rocks and boulders), they are 
436 distributed continuously along the rocky shore. In addition, many other marine resources (snails, crabs) that 
437 the macaques forage on will change location over time. Thus, it is unlikely that the distribution of resources 
438 requiring tool use would cause tool users to preferentially associate with one another simply due to the 
439 distribution of resources. Therefore, we argue that the positive effects of EV-centrality and Strength are most 
440 likely related to social learning processes. 
441 Research by Gumert et al. [13] shows that 76% of hybrid-like phenotypes are tool users whereas 
442 42% of common-like phenotypes are tool users. This may suggest that some prerequisite components needed 
443 for tool use are possibly inherited. Our results maintain some level of uncertainty surrounding the effect of 
444 the hybrid-like phenotype on tool-user status (Figure 2). Nevertheless, there is reason to suggest that this 
445 effect is biologically meaningful. Previous research on Burmese long-tails (Macaca fascicularis aurea) 
446 shows that almost 90% of individuals within a single population are tool users [13]. These observations show 
447 that the higher proportion of tool-users observed in the hybrid-like individuals is more consistent with the 
448 proportion of tool-users observed in Burmese populations. Within the broader context of primate behavior, 
449 social learning is understood to play a major role in tool use acquisition [65]. Usually, all members of tool-
450 using primate groups are tool-users [15]. Thus, if social learning were entirely responsible for the prevalence 
451 of tool use on Koram Island, we would expect there to be a greater proportion of tool users within the 
452 population.  Instead, only half of the population exhibit the behavior, the majority of those expressing the 
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453 hybrid phenotype.   Inheritance therefore might play a role in providing the necessary conditions required for 
454 tool use. Our work suggests that the actual acquisition of the skill however is facilitated through mechanisms 
455 of social learning but is not sufficient to explain tool use in the Koram macaques on its own. 
456 Additional support for this notion could be found by examining mother-offspring relationships. 
457 Mothers are an important source of observational opportunities for younger individuals. Therefore, under 
458 conditions of social learning, the tool-using preferences of offspring should reflect those of their mother. On 
459 Koram island, however, where mother-offspring relationships are known for individuals old enough to use 
460 tools, there are at least two instances where the tool user status of the mother is not the same in the offspring. 
461 In one instance, a tool-using mother raised an individual that did not become a tool-user. In another, it was 
462 the other way around.  Though these data are limited, they suggest that offspring may not always mirror the 
463 behaviors of their mother.
464 It is most likely that social and inheritance factors both contribute to the acquisition of tool use 
465 within this population. It has already been shown that certain motor control and acquisition of socially 
466 learned behaviors in primates are highly heritable [36,37,66]. While all behaviors involving tool use are 
467 likely mediated by a combination of inherited and social factors [67,68], the hybrid long-tailed macaques of 
468 Koram may be a unique case where inheritance still dictates whether an individual can acquire tool use as a 
469 skill within one population. While the simulations presented here allow us to generate expectations under 
470 conditions of inheritance, the genetic processes that govern inheritance are likely far more complex in the 
471 real world. Further genetic studies therefore can help investigate potential predispositions regarding tool use. 
472 This information would help to further entangle requirements that are necessary for the acquisition of tool 
473 use, contributing to ongoing discussions regarding the evolution of tool use in human and non-human 
474 primates [2,9–11,14,46,69]
475 Within the context of broader evolutionary theory, hypotheses favoring the selection of cognitive 
476 traits that facilitate tool use are often pitted against those that favor cultural explanations as competing 
477 hypotheses [9,10,70]. The results of our work suggest that both inheritance and social processes play an 
478 active role in the prevalence of tool use within long-tailed macaques. This further suggests that social 
479 processes and predispositions need not be mutually exclusive. Thus, these hybrid macaques may be a living 
480 example of how predispositions mitigate the acquisition of a socially learned behavior. Such learned 
481 behaviors in return may result in the selection of cognitive traits or developmental biases that further 
482 promote the prevalence of tool use within a population. The combination of applying agent-based modeling 
483 and social network analysis to technological primates provides a novel opportunity to investigate the role of 
484 these underlying processes on tool-use prevalence.
485
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Male macaque using a stone hammer to forage on rock oysters (Photo credit: Amanda Tan) 
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The Koram social network compared to examples of social networks generated by the simulated conditions 
of social learning and inheritance. The Koram social network is based on 1-meter proximity data during 
foraging. That tool-users (displayed in red) hold more central positions than non-tool-users within the 

Koram network. The insets (A and B) show examples of simulated social networks under different conditions 
of information transfer. The layout of the social networks is force-directed, nodes that are closer to each 

other share more connections with each other than those that are farther away. A. Social Learning 
Condition: An example of a simulation where tool use is transmitted through social learning.  Note that tool 
users are more centrally clustered than non-tool users. B. Genetic Inheritance Condition: An example of a 

simulation where tool use is transmitted through inheritance. Note that there is less of a structured 
relationship between tool users and non-tool-users. 
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Table 1: Marginal distributions for each bayesian model associated with Social Learning and
Genetic inheritance ABM conditions and the Koram data

ABM Social Learning

Mean Stand Dev 5.50% 94.50% N effective
samples Rhat4

Intercept (DA, Common Like) 0.002 0.646 0.001 0.005 1157.613 1.000
Intercept (DA, Hybrid) 0.002 0.657 0.001 0.006 1176.759 1.000
Intercept (Adult, Common) 0.203 0.551 0.154 0.259 849.874 1.002
Intercept (Adult, Hybrid 0.224 0.548 0.173 0.279 1039.516 0.999
Centrality (DA, Common) 0.708 0.561 0.634 0.786 1283.313 0.999
Centrality (DA, Hybrid) 0.709 0.561 0.635 0.792 1710.731 0.999
Centrality (Adult, Common) 0.696 0.552 0.629 0.769 889.530 1.001
Centrality (Adult,Hybrid) 0.696 0.551 0.628 0.766 1206.224 0.999
Strength (DA,Common) 0.714 0.565 0.631 0.797 1711.499 0.999
Strength (DA, Hybrid) 0.721 0.569 0.642 0.802 1369.514 1.001
Strength (Adult, Common) 0.969 0.587 0.948 0.982 988.192 1.001
Strength (Adult, Hybrid) 0.967 0.588 0.946 0.981 1091.744 0.993

ABM Genetic Inheritance

Mean Stand Dev 5.50% 94.50% N effective
samples Rhat4

Intercept (DA, Common Like) 0.010 0.662 0.003 0.025 1304.708 0.999
Intercept (DA, Hybrid) 0.004 0.648 0.001 0.009 1469.876 1.000
Intercept (Adult, Common) 0.002 0.649 0.001 0.005 1638.031 0.999
Intercept (Adult, Hybrid) 0.651 0.528 0.613 0.694 887.338 1.001
Centrality (DA, Common) 0.741 0.581 0.651 0.837 1431.673 0.999
Centrality (DA, Hybrid) 0.740 0.580 0.650 0.837 2032.701 0.999
Centrality (Adult, Common) 0.733 0.571 0.650 0.820 1621.914 1.000
Centrality (Adult, Hybrid) 0.584 0.517 0.559 0.612 1499.723 1.000
Strength (DA, Common) 0.736 0.577 0.649 0.828 1486.481 1.000
Strength (DA, Hybrid) 0.738 0.582 0.648 0.835 1184.213 0.999
Strength (Adult, Common) 0.725 0.574 0.640 0.820 1668.426 0.999
Strength (Adult, Hybrid) 0.947 0.586 0.908 0.969 918.716 1.001

Koram Island

Mean Stand Dev 5.50% 94.50% N effective
samples Rhat4

Intercept  (DA, Common Like) 0.199 0.751 0.040 0.591 3902.435 1.000
Intercept (DA, Hybrid) 0.082 0.716 0.019 0.260 2965.530 0.999
Intercept (Adult, Common) 0.328 0.647 0.158 0.562 3333.719 1.000
Intercept (Adult, Hybrid) 0.442 0.657 0.215 0.691 2533.928 1.000
Centrality (DA, Common) 0.733 0.576 0.647 0.825 3696.770 1.000
Centrality (DA, Hybrid) 0.731 0.574 0.647 0.823 3720.605 0.999
Centrality (Adult, Common) 0.750 0.581 0.658 0.844 3056.759 0.999
Centrality (Adult, Hybrid) 0.763 0.594 0.662 0.862 2870.686 1.000
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Strength (DA, Common) 0.740 0.583 0.647 0.837 3276.850 1.000
Strength (DA, Hybrid) 0.741 0.580 0.651 0.836 3747.252 1.000
Strength (Adult, Common) 0.772 0.597 0.669 0.872 3404.462 1.000
Strength (Adult, Hybrid) 0.778 0.600 0.672 0.880 2524.608 1.002

Page 19 of 20

http://mc.manuscriptcentral.com/prsb

Submitted to Proceedings of the Royal Society B: For Review Only



Table 2: Marginal distributions for each bayesian model associated with the asocial learning
ABM conditions

ABM Asocial: Number of Attractors 1, Attractor Strength 25

Mean Stand Dev 5.50% 94.50% N effective
samples Rhat4

Intercept (DA, Common Like) 0.203 0.748 0.042 0.577 1190.877 1.001
Intercept (DA, Hybrid) 0.084 0.715 0.020 0.254 1230.016 0.999
Intercept (Adult, Common) 0.331 0.651 0.154 0.571 1071.159 0.999
Intercept (Adult, Hybrid 0.447 0.655 0.221 0.697 801.963 0.999
Centrality (DA, Common) 0.735 0.575 0.646 0.830 1106.765 1.001
Centrality (DA, Hybrid) 0.731 0.571 0.651 0.822 1017.789 0.999
Centrality (Adult, Common) 0.750 0.586 0.658 0.847 1074.558 0.999
Centrality (Adult,Hybrid) 0.763 0.592 0.661 0.856 826.551 0.999
Strength (DA,Common) 0.737 0.582 0.645 0.834 1062.476 0.999
Strength (DA, Hybrid) 0.744 0.583 0.649 0.838 1147.294 0.999
Strength (Adult, Common) 0.775 0.601 0.668 0.875 981.042 0.999
Strength (Adult, Hybrid) 0.775 0.599 0.669 0.877 908.120 0.999

ABM Asocial: Number of Attractors 10, Attractor Strength 25

Mean Stand Dev 5.50% 94.50% N effective
samples Rhat4

Intercept (DA, Common Like) 0.003 0.664 0.001 0.009 806.218 0.999
Intercept (DA, Hybrid) 0.004 0.657 0.001 0.010 908.367 1.000
Intercept (Adult, Common) 0.417 0.530 0.372 0.464 824.706 0.999
Intercept (Adult, Hybrid) 0.393 0.530 0.349 0.439 807.227 0.999
Centrality (DA, Common) 0.728 0.568 0.648 0.814 1098.770 0.999
Centrality (DA, Hybrid) 0.731 0.573 0.646 0.818 952.881 1.002
Centrality (Adult, Common) 0.857 0.608 0.756 0.926 667.213 0.999
Centrality (Adult, Hybrid) 0.833 0.599 0.732 0.905 670.360 0.999
Strength (DA, Common) 0.724 0.569 0.645 0.811 1180.376 1.000
Strength (DA, Hybrid) 0.729 0.572 0.647 0.818 781.367 0.999
Strength (Adult, Common) 0.874 0.609 0.771 0.933 625.632 0.999
Strength (Adult, Hybrid) 0.917 0.619 0.838 0.960 519.616 1.000

ABM Asocial: Number of Attractors 200, Attractor Strength 25

Mean Stand Dev 5.50% 94.50% N effective
samples Rhat4

Intercept  (DA, Common Like) 0.199 0.751 0.040 0.591 3902.435 1.000
Intercept (DA, Hybrid) 0.082 0.716 0.019 0.260 2965.530 0.999
Intercept (Adult, Common) 0.328 0.647 0.158 0.562 3333.719 1.000
Intercept (Adult, Hybrid) 0.442 0.657 0.215 0.691 2533.928 1.000
Centrality (DA, Common) 0.733 0.576 0.647 0.825 3696.770 1.000
Centrality (DA, Hybrid) 0.731 0.574 0.647 0.823 3720.605 0.999
Centrality (Adult, Common) 0.750 0.581 0.658 0.844 3056.759 0.999
Centrality (Adult, Hybrid) 0.763 0.594 0.662 0.862 2870.686 1.000

Page 20 of 20

http://mc.manuscriptcentral.com/prsb

Submitted to Proceedings of the Royal Society B: For Review Only



Strength (DA, Common) 0.740 0.583 0.647 0.837 3276.850 1.000
Strength (DA, Hybrid) 0.741 0.580 0.651 0.836 3747.252 1.000
Strength (Adult, Common) 0.772 0.597 0.669 0.872 3404.462 1.000
Strength (Adult, Hybrid) 0.778 0.600 0.672 0.880 2524.608 1.002
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