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ESM 1. On the definitions of ritual  

Definitions across academic disciplines 

There is very little consensus among researchers, either within or between disciplines, about 
what a ritual is. However, several features appear repeatedly in these definitions. In Table 
ESM1, we present a sample of some common definitional features of ritual associated with 
particular disciplines. The features selected as being important in these definitions probably 
have some loose association with the putative function of ritual that is attributed by the 
researchers. The fourth column in Table ESM1 lists the putative function of ritual that is named 
in studies for which this feature is an essential part of the definition of ritual. Note, however, 
that in some definitions certain features are claimed to be indispensable and others optional, 
and that the claimed link between definitional feature (form) and function is made explicit in 
some, but not all of these studies, most of which were not designed with such an evolutionary 
analysis in mind. This is not an exhaustive literature review, of the many elements found in 
definitions of ritual, nor of the researchers using these definitions. Instead, it is meant as a 
rough guide demonstrating some of the cross-disciplinary linkages in definitions and theorizing 
regarding the function of ritual that we came across. 

How do observed capuchin rituals correspond to our definitional features? 

Here we describe how the characteristics of the capuchin monkey behaviours that we 
designate as “rituals” in the Results section correspond to these proposed attributes in our 
definition:  

1) Quality of attentional focus: The behaviours described here are prolonged (dyadic) 
social activities sometimes lasting up to an hour, involving a high degree of focus by 
one or both partners on the other’s body and/or actions, and/or an object jointly 
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handled by the interactants, thereby diverting attention away from normal activities 
such as foraging or vigilance (as in Rossano’s definition of ritual [1]). This intense focus 
on a particular partner, to the exclusion of other group members, is reminiscent of 
Collins’ theory of interaction rituals [2], in which degree of attentional focus and 
“emotional energy” directed to a partner provides information to the recipient about its 
current relative value to the actor.  

2) Lack of immediate utilitarian purpose: These behaviours have no obvious utilitarian 
purpose, i.e. they do not seem to enhance food-acquisition, safety or health in any 
obvious, immediate way, though they may serve a communicative purpose.  

3) Sacred objects: Similarly, the objects (and partner body parts) handled in some of these 
rituals have no utilitarian value, e.g. they are neither food nor tools. Whether or not they 
have any symbolic value, qualifying as “sacred objects,” depends on how this term is 
defined (see discussions by Durkheim [3], Goffman [4] and Collins [2]), but it seems 
unlikely that the objects retain this symbolic value after the ritual is over.  

4) Learned behaviours: We infer that these behaviours have a learned component because 
they are not performed by all individuals in the population and are not produced during 
early development. They could hypothetically appear in an individual repertoire via 
innovation or social learning (probably via ontogenetic ritualization:[5]). 

5) Repurposing of behavioural elements found elsewhere in the repertoire: Scholars of 
both ritual and play [4][6][7] have noted that complex animal rituals, like human rituals, 
often involve the transfer of behavioural elements and stimuli from one behavioural 
domain to a new (social) context.  

Importantly, we do not emphasize rigidity of form or repetition in our definition, although this 
attribute comprises a core feature of many scholars’ definitions of ritual (e.g.[8][9]), nor is 
function a critical part of our definition. However, we did choose to focus on those definitional 
aspects used by scholars who study the implications of ritual for social relationships (Table 
ESM1). Although some degree of repetition and constancy of form is clearly involved in ritual, 
both human and nonhuman, we argue that rituals may serve multiple functions, and that the 
optimal degree of flexibility vs. rigidity in form may depend on the function of the ritual. 
There was insufficient space to discuss definitional aspects needed for testing some alternative 
hypotheses, e.g. that the capuchin rituals we describe function to detect and react to inferred 
threats [9], or the idea that capuchin rituals contain symbolic content relevant to detecting or 
enforcing social norms violations. However, the lack of precisely repeated, rhythmic, 
compulsive actions is incompatible with the Hazards Precautions Hypothesis and the social 
norms hypothesis. Furthermore, there is no obvious display of moral outrage or shame in 
response to deviations from the typical form that a dyad’s ritual has, nor is there currently any 
solid evidence for social norms in capuchins. 
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Table ESM1. Elements commonly found in definitions of ritual across disciplines. 

 
*ANTH=anthropology, SOC=sociology, ETH=ethology, PSY=psychology 
** a: detection of and reaction to inferred fitness threats,  
 b: transmission and maintenance of social norms,  
 c: communication about/definition of social roles,  
 d: testing of dyadic social bonds,  
 e: establishing society-wide solidarity 
 

  

Definitional feature of ritual Intellectual 
tradition(s)* 

Reference 
examples 

Proposed 
ritual 
function** 

Present in 
capuchins 

Distinction between the sacred and the 
profane 

ANTH, SOC [3][4][10][8] b, c, e ? 

Shared group emotion SOC [2][3] e No? 
Feedback between mood and joint focus; shift 
in emotional energy within a dyad 

ETHO, SCO [2][11] c, d, e Yes 

Breaking ritual proprieties results in moral 
uneasiness 

SOC [10][4] b Probably not 

Repurposing of behaviors evolved for other 
purposes 

ETHO [12][6] c Yes 

Exaggeration and stereotypy (sort of like 
formalism) 

ETHO, PSY, 
perhaps 
ANTH 

[9][10][8][13] a, b, c Only slightly 

Traditionalism, i.e. repetition of activities from 
an earlier period 

ANTH [8] b, c Yes 

Disciplined, rigid repetition, often rhythmic PSY [9][8][13][6] a, maybe 
b 

Only slightly 

Lack of rational motivation, no obvious 
immediate function 

ANTH, ETH, 
PSY, SOC 

[9][10] a, b, c, d, 
e 

Yes 

Compulsiveness PSY [9] a No? 
Framing of the act ANTH [8][14] (various) No 
Symbolism ANTH, SOC [3][4][2][10][8][

14] 
b, c, e Probably only 

during the ritual 
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ESM 2. Transcription of video clips demonstrating rituals 

LBMP-Capuchin_Monkey_Rituals-Clip1.m4v 

The following example (and accompanying video) depict a ritual often performed by two 
immigrant males (BL and QJ), in which they take turns passing a “toy” (in this case a piece of 
bark, i.e. something that is not food) back and forth, each earnestly attempting to retrieve the 
“sacred object” from the other’s hand or mouth. Because they were born outside the study 
area, we do not know their exact ages, but they appear to be the same age (within a year of 
one another); BL joined Flakes in September 2004, group 5.5 months after QJ joined. They 
started devising rituals together in May 2005, initially giving one another “dental exams” which 
involved inserting their fingers in one another’s mouths. In February 2006 they started using 
one another’s hair as an object to pass back and forth, and by March 2006 they were also 
using “toys” such as the bark used in this example. They were mutually enthusiastic 
practitioners of these rituals until BL emigrated in November 2009. At the time of this particular 
interaction, QJ is the 2nd ranked male and BL the 3rd-ranked male in the group. 

April 22, 2004, 9:10 am: 

At the start of the video, BL has his finger in QJ’s mouth (QJ on the right, BL on the left). BL 
uses his mouth and hand to try to pry QJ’s mouth open. QJ has a piece of bark in his mouth. [It 
isn’t obvious that this is bark until later in the clip.] QJ grabs BL's hand (the one in his mouth) 
and removes BL's hand from QJ's mouth. QJ takes the piece of bark out of his mouth to show 
BL, perhaps to encourage BL to play the game. QJ is still holding BL's hand. QJ puts the bark 
back in QJ's mouth (or tries), but BL grabs QJ's hand and tries to open it to extract what is 
there. They let go of one another's hands, and then BL grabs QJ's face, one hand braced 
against QJ forehead and the other prying QJ's mouth open. BL uses his hand and mouth to 
pry open QJ's mouth, using enough force to make QJ's body sway. QJ adjusts BL's hand in 
QJ's mouth. Now BL uses both hands to pry QJ’s mouth open. BL gets the bark (or part of it) 
out of QJ’s mouth and puts it in BL’s mouth. Now each of them is using a hand to try to get 
bark from the other's mouth. At 9:12:23, BL finally removes his hands, and QJ uses both hands 
to open BL’s mouth. BL pries QJ’s hands from BL's face. They hold hands, and BL tries to 
extract the bark from QJ’s hand. QJ tries to get things out of BL’s hands. QJ succeeds in 
getting the bark from BL’s hand and puts it back in QJ’s mouth. BL is still working hard to get 
something out of QJ's other hand. BL gets a piece of QJ’s bark and puts it in BL's mouth. QJ 
grabs BL’s other hand and puts the bark in QJ’s mouth. QJ grabs something from BL’s lips 
and brings it to QJ’s mouth. BL lets some more bark protrude from BL's mouth to show QJ, 
and QJ grabs that too, putting it in QJ’s mouth. BL grabs QJ's head, turning it to face BL, and 
tries to pull the same bark from QJ's mouth, using enough force to twist QJ's body around a 
bit. BL’s finger seems to be clamped in QJ’s mouth. QJ eyes are closing. BL uses both his 
mouth and hands to try to open QJ’s mouth; QJ’s eyes are still closed. QJ grabs BL’s hand 
and pulls it out of QJ’s mouth. QJ grabs BL’s face and tries to open BL’s mouth. QJ seems to 
be chewing something. QJ’s finger is lodged in BL’s mouth. QJ tries to pull something from 
BL’s mouth, using both hands. When they are trying to get bark out of the other's mouth, their 
visual attention is focused on the mouth rather than the eyes of the partner, throughout this 
interaction. QJ finally gets the bark out of BL’s mouth, puts it in QJ’s mouth, and chews it. BL 
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immediately tries to retrieve it from QJ’s mouth. BL removes his hands and lies on his side, 
presenting for grooming while facing QJ. QJ tries to open BL’s mouth with both hands. BL 
holds QJ's hands. BL inserts his hand in QJ’s mouth, then turns his attention to QJ's hands, 
trying to pry one open. QJ tries to open BL’s hands. Their foreheads touch as they both focus 
on watching one another's hand manipulations. QJ gets something out of BL's hands, pops it 
in his (QJ’s) mouth, and chews it. BL immediately tries to get it out of QJ’s mouth. BL uses 
both hands to try to open QJ’s mouth, using much force. Finally, BL removes the bark and 
puts it in BL’s mouth. QJ scratches, then tries to open BL’s mouth. QJ removes his hand and 
scratches again. QJ sticks his finger in BL’s mouth. QJ uses both hands to pry open BL’s 
mouth. He fails, and BL uses both hands to try to open QJ’s mouth. BL gets something out of 
QJ’s mouth and chews it but continues to try to open QJ’s mouth. BL scratches his own head 
and drops his hands. QJ tries to pry open BL’s hand. BL’s attention strays, and he looks off in 
the distance. QJ jerks BL's hand, as if to demand his attention. QJ lies down as if presenting 
for grooming but keeps his grip on BL's hand. BL puts something in BL's mouth. QJ tries to 
remove the bark from BL's mouth with one hand, but while still reclining. Then QJ uses both 
hands. QJ stretches, inviting grooming. BL grooms QJ’s chest. BL stops grooming and turns 
away from QJ. BL is still playing with the bark. QJ grabs BL's tail and tugs it 3 times, but BL 
doesn't turn around. BL self-grooms and turns back to face QJ. BL flops down, presenting for 
grooming to QJ. It is not clear who ends the interaction sequence, because the video clip ends 
here, at 9:22. 

LBMP-Capuchin_Monkey_Rituals-Clip2.mov 

March 13, 2012:  

In this clip we see Minstrel (‘MI’, the alpha female) and her maternal half-sister Mead (‘ME’, 
who is two years younger), performing a ritual that is highly typical of their relationship (see 
section 3 of the ESM for more details regarding their relationship). Minstrel, on the left, is 
clutching Mead’s hand and inserting it in her (Minstrel’s) mouth. Mead reclines, passively 
accepting this. Minstrel readjusts Mead’s finger, inserting it deeper into her mouth on the other 
side, and then switches back to the original position. This is just one of multiple clips from this 
ritual, but it is fairly typical both of this bout and of the relationship more generally. 
 

ESM 3. Between-dyad variation in ritual performance, case studies 

As can be seen by visually inspecting the tab called “ritual_details” in the RawData.xlsx file, 
there was considerable variation between dyads regarding the elements incorporated into their 
rituals, and also variation in the degree of mutual enthusiasm/engagement. Limited space 
precludes presentation of the data for all dyads, but here we present some illustrative cases 
from individuals who contributed large sample sizes to the data set, focusing on the behaviour 
of four individuals: two immigrant males (QJ and NP) and two females (sisters ME & MI). 
NP, a highly peripheral and shy male, contributed 57 rituals to the data set (2 of them failed 
attempts to engage others), and participated in rituals with 15 different monkeys, though he 
focused primarily on three of the older juvenile males. Of his 57 rituals, 5 involved insertion of 
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fingers in or on the nose, 20 involved insertion of fingers in mouths, 3 were “dental exams”, 3 
involved eye-poking, 2 involved sucking a body part other than the finger, and the rest were 
games in which an object (hair in 12 cases, a “toy” in 27 cases) were passed back and forth. 
Comparison of the network diagrams for physical proximity and ritual performance (Section 6, 
Fig. 2) highlights how extensive NP’s ritual network was, despite his low rates of physical 
association with his group-mates. 
QJ, an immigrant male who became the alpha male in 2007, was a far more socially central 
male than NP, and contributed 92 rituals to the data set. These were spread over 21 monkeys 
(11 females, 10 males), all but two of whom (the eldest females of each matriline) were younger 
than him. His most frequent partner by far was BL, an unrelated adult male who performed 21 
rituals with him (one of them displayed in the ESM video clip LBMP-
Capuchin_Monkey_Rituals-Clip1.mv4); all involved some sort of exploration of the partner’s 
mouth, and 9 involved a “toy” or hair game; in general, his rituals with BL were characterized 
by a high degree of turn-taking and mutual engagement. He also performed 5 or more rituals 
each with TU (an unrelated male), his son YJ, and his three daughters (BW, LD and IE). His 
relationship with his daughter BW was noteworthy for the active role she played in 
manipulating various parts of QJ’s head. In only one of these was an object involved (in which 
BW was trying to remove hair from QJ’s mouth).  
The dyad consisting of Minstrel (MI, alpha female) and her half-sister Mead (ME, 2 years 
younger than Minstrel), contributed 72 rituals to the data set beginning in Feb 2004 when Mead 
was 4 years old and ending in January 2015. There was remarkable similarity in form across 
these events. Typically, Minstrel grabbed her sister’s hand and inserted Mead’s fingers into 
Minstrel’s nostrils and/or mouth. In all cases in which we were certain of the initiator, it was 
Minstrel; Minstrel terminated the interaction in 57% of the 30 instances for which we felt 
comfortable designating a terminator. Although Mead was an involved participant for the 
grooming portion of the ritual, she was far less engaged in the portion that involved insertion of 
her fingers in Minstrel’s orifices. Mead either lay there passively until Minstrel was done with 
her fingers, or, in some cases, actively resisted the interaction, struggling to adopt more 
comfortable positions than those favoured by Minstrel. In only three cases did Mead attempt to 
insert Minstrel’s finger in Mead’s mouth or nose. This pair was a sharp contrast to some of the 
male-male dyads (such as QJ-BL, described in the ESM, section 2) that had more complex 
rituals characterized by high emotional engagement on both sides, and active turn-taking in 
which roles were reversed. This contrast is evident by comparing the two video clips called 
LBMP-Capuchin_Monkey_Rituals-Clip1.m4v and LBMP-Capuchin_Monkey_Rituals-Clip2.mov 
in the ESM.  
Interestingly, although Mead seemed unenthusiastic about hand-sniffing and finger-sucking 
with Minstrel and almost exclusively had the role of “finger-donor”, she practiced these 
behaviours with several younger members of her family, and took the role of the more active 
participant (taking their fingers and inserting them into her mouth or nose, despite some 
resistance from them). Mead had 15 other relationships with one more ritual. In only three of 
these did she sometimes assume the role of the monkey whose finger was sucked or sniffed. 
In at least 8 of these relationships, it was clear that Mead was directing the action, and taking 
the hands of her partners to insert in her nose or mouth. Although it would be tempting, based 
on the patterning of Mead’s interactions alone, to say that dominance rank or age was the 
factor determining who sniffed or sucked on whose body parts, this pattern did not hold true 
for the group more generally. Intriguingly, HE, the male who was alpha male from 2004-2007 
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(and who remained in the group after being deposed) participated in a ritual only once, as a 
passive participant with his son, even though all of the other adult and adolescent males were 
enthusiastic practitioners. 

ESM 4. Analyses of predictors of which dyads perform rituals 

In order to better understand what characteristics of dyads predict propensity to engage in 
these rituals, we conducted several analyses aimed at examining the relationship between 
ritual performance and (a) proportion of time spent in 1 body length (i.e. a measure of both 
affiliation and of the amount of information the dyad has about the current status of its 
relationship), (b) relationship quality (i.e. the likelihood that something nice, rather than 
something aversive, will happen when the two come into proximity), and (c) coalition formation. 
If rituals help to build or maintain social bonds, then all three of these variables are expected to 
be correlated. If the rituals function as bond tests, then the predicted distribution is somewhat 
different, with the highest rates of ritual performance not expected at one end of the 
distribution for all three predictor variables.  
Bond-tests are expected primarily when (a) partners do not have current information about 
their relationship status (i.e. not in the pairs who spend the most time together), and (b) when 
partners have a sufficiently trusting and long-term relationship that performing risky acts is not 
very frightening, but not so secure that there is no point in testing the bond. The predictions 
regarding the relationship between the bond-testing hypothesis and rate of ritual performance 
are less clear, but more successful bond tests are expected to be associated with higher rates 
of coalition formation, and most of the rituals in the sample were successful.  
Our relationship quality index (RQI) varies from 0 to 1, with 1 representing entirely 
affiliative/cooperative interactions and 0 representing entirely negative interactions (see main 
text for further detail). The coalitions index is the number of 10-minute chunks of time in which 
a dyad forms a coalition, divided by the total number of times monkey 1 and monkey 2 were 
scanned in group scans, to adjust for probability of observing these individuals during ad lib 
observations. Given the sometimes large number of group scans per individual, we divided the 
total group scans by 1000, and so, our coalition index represents the number of observed 
coalitions per 1000 observations. The reason for lumping behaviours within 10-minute time 
intervals is that individuals likely adjust emotional energy in a more bout-like fashion. E.g. they 
recall losing a fight to a particular monkey, but probably they don’t feel much worse for having 
been slapped 7 times, as opposed to 4 times, within the time period of a 4-minute fight. 
Examination of Figure 1a reveals that, consistent with the bond-testing hypothesis and 
inconsistent with the bonding hypothesis, most of the high values for rate of ritual performance 
are in the lower regions of the proximity index, i.e. in those pairs that spend little time together 
and hence may lack information about the current state of their relationship. In Fig. 1b, the 
distribution of data points is fairly consistent with both hypotheses, but more so with the bond-
testing hypothesis. Note that most of the high values for ritual performance are between 0.7 
and 0.9 on the RQI scale, i.e. a zone in which dyads have pretty amiable relationships, but 
there are fewer high scores for ritual rate in the zone between 0.9 and 1.0 (highest quality 
relationships),despite the fact that ~ 30% of dyads have RQI > 0.9. 
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Figure 1. Graphical representations of the relationship between ritual performance rate and (a) 
physical proximity index, (b) relationship quality index, and (c) coalition index. 

This data set was challenging to analyse for five reasons: (1) Most dyads had values of zero, for 
ritual counts and counts of coalition formation; (2) Dyads are not independent of one another 
because the same individual can be a member of multiple dyads; (3) There are missing values 
when constructing a matrix in which each monkey’s name is represented in the row and 
column headings, because not all possible dyads were co-resident in the group; (4) The use of 
ad libitum data for calculating ritual and coalition rates was a problem because we do not have 
precise estimates of how much time each individual was observed, and not all individuals are 
equally easy to observe; and (5) Behavioural sampling density was insufficiently high to permit 
subdivision of the data set into chunks of time that we intuitively thought would be appropriate 
for tracking temporal changes in relationship quality and ritual performance rate. We did not 
find a single analytical approach that satisfactorily dealt with all of these issues. Therefore, we 
analysed the data set in several different ways.  

ESM 4.1 Mixed effects negative binomial regression 

Our first approach was to conduct mixed effects negative binomial regression models (in Stata 
13.1), with crossed random effects for monkey 1 and monkey 2 (i.e. the two members of each 
dyad). The results were similar to those described in the next paragraph, and also for the MLPE 
models, i.e. no significant effect of proximity, with slight (but statistically significant) positive 
effects of RQI and coalition rate on the rate of ritual performance. However, we were not 
satisfied with how these models handle the effects of the monkey identities. 

ESM 4.2 Negative binomial regression model 

Our second approach, adapted from the econometrics literature, was to analyse the data using 
a series of 3 negative binomial regression models (in Stata 13.1) in which the independent 
variable of interest was (a) the proximity index, (b) the relationship quality index (RQI), or (c) 
coalition index. Each of these models also had a fixed effects intercept for each individual 
monkey, i.e. a dummy variable was created that represented whether each individual monkey 
was represented in that dyad. The outcome variable, in all cases, was the count of rituals 
performed by this dyad, with the exposure being the sum total of group scans and point 
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samples collected on the two partners in the ritual. For the proximity and RQI models, we also 
ran versions in which each row was a dyad-year (i.e. having repeated measures for each dyad), 
because we were concerned that the quality of relationships might change over time and that 
this variation (and its relationship to ritual performance rate) would be lost by lumping over 
such large time periods. In these models that had repeated measures for dyads, we clustered 
robust SE on dyads.  
The model for RQI (lumping all years together) had 693 observations (some had to be dropped 
due to zero social interactions). There was a significant positive relationship between RQI and 
ritual rates (coeff.=2.18, SE=0.38, z=5.8, P<0.001, 95% CI 1.44-2.92). Results were similar 
when each data point was a dyad-year (coeff.= 0.76, robust SE=0.17, z=4.36, P<0.001, 95%CI 
0.42-1.10).  
The model in which proximity was used to predict ritual rate was more perplexing. When the 
data set was analysed as a single unit of time, the coefficient was 7.37, SE=2.11, z=3.50, 
P<0.001, 95% CI 3.24-11.50); this positive relationship only occurred in very low values of the 
proximity index starting to level off or decline around the value of x=0.02. Visual inspection of 
the graphical output indicated that even if there was a statistically significant relationship, it 
was not biologically significant. This result was an outlier in that other modelling approaches 
did not find a significant effect of proximity. In the model in which each data point was a dyad-
year, the strength of this statistical association was much weaker (coefficient=0.82, robust 
SE=0.89, z=0.92, P=0.36, 95%CI -0.93-2.56).  
The coalition index was positively associated with ritual rates (coeff=0.37, SE=0.16, z=2.28, 
P=0.02, 95%CI 0.053-0.696). There were several extreme values, both for dyads that form 
many rituals but no coalitions and vice versa. The code for running these models in Stata is 
included in the ESM. 

ESM 4.3 Mantel test 

However, none of these previous approaches preserved dyadic information. We used two 
further tests that preserve this information: Mantel test and MLPE models. The Mantel test 
compares two matrices. Our raw data are column entries of, e.g. ritual rates, for various dyads. 
We turned these values into matrices by creating an empty square matrix with row and column 
numbers that were equal to the number of unique identifiers in all dyads. We then filled in the 
column information in the correct cell for each dyad.  
The Mantel test provides a Z-statistic, which is equal to the sum of the products of the 
corresponding elements of each matrix: 

𝑍 =#𝑋%&𝑌%&	𝑤ℎ𝑒𝑟𝑒	𝑖 ≠ 𝑗	
%&

. 

However, this value is highly dependent on the scale of the data. Therefore, we also calculated 
the Pearson correlation coefficient between the two matrices X and Y as  

𝜌2,4 =
𝑐𝑜𝑣(𝑋, 𝑌)
𝜎2𝜎4

	 

The Mantel test permutates one of the two matrices repeatedly. With each permutation, a 
correlation coefficient between the two matrices is calculated. This provides a distribution of 
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correlation coefficients based on random permutations. The p value then represents the 
chance that the actual observed correlation coefficient between the two original matrices is 
based on chance. In ESM Table 2, we summarize the results of the Mantel test we ran. Again, 
the results show that proximity has no effect on ritual count, whereas relationship quality has a 
small but significant, and coalitions a larger and significant effect. However, because the 
Mantel test does not accept missing data, we had to create matrices that contained structural 
zeros for those dyads that were not co-resident. This is not ideal, which led us to the final set 
of models. 
These models originated in landscape genetics, called Maximum Likelihood Population Effects 
(MLPE) mixed effects models. Like a Mantel test, MLPE models assess the relationship 
between two matrices. The mixed effects parameterization of MLPEs (specifying the 
covariance structure of the matrices) accounts for non-independence among pairwise data in 
each matrix (see e.g. [15][16]). Additionally, we could remove dyads that were non-co-resident, 
which avoided the use of structural zeros. We used the MLPE_rga() function of the 
ResistanceGA package in R [17]. The actual model is essentially a linear mixed effects model. 
The results are shown in Table 1 in the main text.  
 

ESM Table 2. Mantel test results. Results shown are 
for 5,000 permutations of the matrix pair in each row. 
 

Z Coefficient p 

Ritual ~ Proximity 0.003 0.006 0.227 

Ritual ~ RQI 0.077 0.022 < 0.001 

Ritual ~ Coalition 0.048 0.127 < 0.01 

 

ESM 5. How and when are individuals inducted into the network of ritual 
participants?  

To investigate this, we examined the ritual participation histories for the 17 monkeys (7 female, 
10 male) who were immatures when first observed to participate in the toy and/or hair games, 
i.e. the rituals exhibiting the most complexity and requiring the most active participation. They 
were first seen to participate in some sort of ritual (game or non-game) at the mean age of 1.9 
yrs of age (range 0.1-4.8 yrs), but were first seen to be active participants in games at a mean 
age of 3.2 years (0.7-7.3 yrs), with one female never becoming an active participant. In all but 
one case, the older monkey who served as a “tutor” (i.e. the other participant) was a male. For 
the 7 females, the “tutor” (i.e. the older monkey who was the other participant) was her 
(probable) father in 5 cases, an unrelated adult male in one case, and a female relative in the 
other case. Males had a wider variety of “tutors”, all of them male, including 2 fathers, 3 
unrelated adult males, and in some cases other juvenile males very close to them in age. 
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ESM 6. Social network analyses, for visualization of the relationship 
between time spent in association and ritual performance 

Networks were constructed and analysed in R (Core Team, 2019), using the igraph package 
[18]. We created three networks, based on proximity, rituals, and games (Figure 2A-C 
respectively). For the social network, we calculated the proximity index, PI, as: 

𝑃𝐼 =
𝑠>?

𝑠> + 𝑠?
 

Where 𝑠>? is the number of scans where monkey 1 and monkey 2 where in one or less body 
length distance from each other and 𝑠> and 𝑠? is the number of group scans where each 
monkey was spotted. We only consider scans where both individuals were co-resident in the 
same group to avoid inflating the denominator with scans where the monkeys resided in 
completely different groups. 
In Figures 2A-C, circle nodes represent females and square nodes represent males that belong 
to one of the two matrilines (blue borders for the subordinate matriline and red for the dominant 
matriline) or have migrated into Flakes group (black border). In A, nodes are coloured based on 
the results of the greedy community detection algorithm of the igraph package. This algorithm 
is trying to find dense subgraphs by optimizing the networks modularity score. Edge weights 
correspond to the proximity index of each dyad. In B and C, edge weights represent the 
relative frequency with which monkeys engage in all rituals (B) and games (C). To make 
comparison between graphs easier, node positions (based on the Fruchterman-Reingold layout 
in Fig. 2A) were preserved in Fig. 2B and Fig. 2C.  
Visual inspection of the proximity network (Fig. 2A) highlights the fact that matriline members 
tend to cluster together, with immigrant males being less social (aside from the alpha male, 
who was HE till the end of 2007, QJ through mid-2016, and finally MX). However, the diagrams 
showing frequency of ritual participation show that some of the most isolated immigrant males 
(e.g. NP) are active ritual participants, particularly with regard to the games. Fig. 3 also 
highlights the lack of correspondence between social centrality and ritual participation.   
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Figure 2A. Network based on proximity.  
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Figure 2B. Network based on all rituals 
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Figure 2C. Network based just on games portion of the rituals data set 
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Figure 3. The number of individuals with whom a monkey performs rituals (y-axis) is 
uncorrelated to the number of individuals they regularly interact with (degree centrality, x-axis). 
There is a slight upwards trend, but it is not significant (regression line in grey, adjusted 
R2=0.06, p=0.06). Males are represented by lowercase letters and females by uppercase 
letters. Members of the two matrilines are represented by blue (subordinate) and red 
(dominant), and immigrants by black letters.  
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