PROCEEDINGS B

royalsocietypublishing.org/rspb

@)y ]
Research Cheok for

(ite this article: Charles SJ, van Mulukom V,
Dunbar R, Brown JE, Delmonte R, Maraldi E,
Turner L, Watts F, Watts J, Farias M. 2026 Religious
rituals in the United Kingdom and Brazil are
associated with increased social bonding and pain
threshold. Proc. R. Soc. B291: 20261174,
https://doi.org/10.1098/rspb.2026.1174

Received: 2 May 2026
Accepted: 18 May 2026

Subject Category:
Evolution

Subject Areas:
behaviour, evolution

Keywords:
social bonding, mu-opioids, religious ritual,
coalitional psychology, cross-cultural field study

Author for correspondence:
Valerie van Mulukom
e-mail: v.vanmulukom@brookes.ac.uk

"These authors contributed equally to the study.
*Joint first authors.

Electronic supplementary material is available
online at https://doi.org/10.6084/
m9.figshare.c.8528663.

THE ROYAL SOCIETY

PUBLISHING

Religious rituals in the United Kingdom
and Brazil are associated with increased
social bonding and pain threshold

Sarah J. Charles"*™ Valerie van Mulukom'*'#, Robin Dunbar*,
Jennifer E. Brown', Romara Delmonte', Everton Maraldi®’, Leon Turner?,
Fraser Watts®, Joseph Watts® and Miguel Farias"®>'**

'Brain, Belief, and Behaviour Lab, Coventry University, Coventry, UK

*King's College London, London, UK

3(Centre for Psychological Research, Oxford Brookes University, Oxford, UK

*Department of Experimental Pyschology, and *Department of Continuing Education, University of Oxford, Oxford,
UK

5IDOR, Rio de Janeiro, RJ, Brazil

"IDOR Pioneer Science Initiative, Sao Paulo, Brazil

®International Society for Science and Religion, Cambridge, UK

%School of Psychology, Speech and Hearing, University of Canterbury, Christchurch, Canterbury, New Zealand
lnstituto Superior Manuel Teixeira Gomes, Portimao, Faro District, Portugal

) 'wM, 0000-0002-0549-7365; RDu, 0000-0002-9982-9702

From an evolutionary perspective, large-scale human groups face an
adaptive challenge: maintaining cohesion beyond the limits of one-to-
one grooming. Cultural practices that recruit evolved bonding systems
may help solve this problem by harnessing mu-opioid psychobiological
mechanisms. Religious rituals are cultural practices that consistently
promote social cohesion, and here we report a pre-registered large-scale
field study examining psychobiological mechanisms underlying these
rituals. Participants were tested in the United Kingdom and Brazil at 24
ritual sites (N = 265), with measures taken pre- and post-ritual. Results
showed that levels of social bonding (5.4% increase, rg = 0.30) and positive
affect (13.1% increase, rg = 0.27) were higher after ritual participation.
Importantly, increased social bonding was independently predicted by
increases in pain threshold (a proxy for mu-opioid activation; g = 0.13, R* =
0.02), positive affect (8 = 0.25) and connection to a higher power ( = 0.15),
even after controlling for country, gender, age and religiosity (R* = 0.15).
This multi-site field study provides experimental yet naturalistic evidence
that religious rituals recruit an evolved mu-opioid-based affiliation
system that may help sustain cohesion in large congregations, supporting
the brain-opioid theory of social attachment.

1. Introduction

How do humans maintain cooperative ties and mutual commitment in groups
that are far larger than those in which primate-like grooming can effec-
tively sustain bonds? There are limits to what can be achieved via one-to-
one affiliative behaviours such as grooming, which directly influence the
neurochemical mechanisms supporting bonding [1,2]. Religious rituals have
been proposed as one set of cultural practices that solve this adaptive problem
by exploiting evolved neurochemical systems for social bonding in a scalable
way [3], through the inclusion of opioid- and bonding-inducing behaviours,
allowing cohesion to be maintained within large coalitions [1].

Machin & Dunbar [1] proposed the ‘brain-opioid theory of social attach-
ment’ (BOTSA) to explain how one-to-one grooming and similar behaviours
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allow primates to create and maintain social bonds. BOTSA adapted Panksepp’s theory that endogenous opioids are the [ 2 |
biochemical mechanism behind feelings of bonding [4,5], with a main focus on mu-opioids [1]. Extensive neurochemical work
in animals and humans shows that mu-opioids play a central role in animal social bonding [6-8] as well as human adult social
bonding [2,9,10].

BOTSA proposes that humans have developed behaviours that, much like grooming, encourage the release of mu-opioids in
larger groups of people than can be reached by primate-like touch-based social grooming. The main behaviour that stimulates
social bonding is synchronized movement, sometimes in the form of music-making [11-17], with other behaviours, such as
feasting consumption [18,19], also playing a role. These behaviours have an advantage over grooming behaviours as they can
affect larger groups as opposed to being one-on-one, making it a far more time-efficient way of encouraging bond formation
and maintenance. Thus, religious rituals may be particularly effective at the formation and maintenance of social bonds, because
they incorporate a range of specific opioid- and bonding-inducing behaviours, such as singing [20,21], dancing [14,22] and
shared goals [23], among others (e.g. [24]).

In the present study, we test the claim that religious rituals reliably encourage the release of endogenous opioids, specifically
mu-opioids, which may have promoted the expansion and maintenance of large-scale human social groups [25]. To do this,
we conducted a cross-cultural field study of 24 Christian and Afro-Brazilian rituals, using questionnaire measures and pain
tolerance (a proxy for opioid activation). The current literature on rituals suggests that attendees often claim to feel a connection
with others in attendance [26-30]. However, religious rituals vary widely both within and between religious traditions. They
can be a simple ritualized meal or a short prayer, ranging from a short prayer to extreme body piercing.

Religious rituals likely encourage mu-opioid release through two processes. First, rituals incorporating overtly painful or
physically demanding experiences, such as fire walking [30,31] or body piercing [32], engage the endogenous opioid system
directly via nociceptive activation. This stress-induced analgesia is not purely a private physiological response; the shared
nature of the ordeal appears to amplify bonding because the pain is endured collectively and the resulting opioid release occurs
within a social context that frames suffering as meaningful [26]. This may help explain why extreme rituals produce strong
feelings of bonding and commitment between participants [32].
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Second, coordinated synchronized behaviours, such as communal singing, rhythmic prayer and collective movement, have
been proposed to recruit opioid-mediated bonding pathways [14,33,34]. Synchronized movement and music-making produce
positive affect and a sense of merged self-other boundaries [35], which in turn stimulates endogenous opioid release and lowers
pain thresholds, creating conditions for affiliation [20,21]. Religious rituals may be especially effective compared with other
synchronized activities, such as watching a sporting event together, because they combine synchrony with shared intentionality
[23], shared sacred goals and connection to a transcendent agent or higher power [3]. These additional elements may amplify
the affiliative signal by embedding the synchronized experience within a framework of collective meaning and identity that
extends beyond the immediate social context [36].

Previous studies have been conducted during what has been described as ‘imagistic” (higher-intensity, low-frequency) modes
of religious ritual expression [37]. High-intensity rituals are likely to have an immediate impact [38], whereas doctrinal rituals
that are of lower intensity but higher frequency may rely more on synchronized behaviours. However, no prior study has
directly measured group social bonding during naturalistic doctrinal rituals.

Moreover, while some research has sought to understand the mechanisms underlying ritual social bonding in the field (e.g.
[39]), field research on mu-opioid mechanisms remains rare [40]. This is likely because the body’s main mu-opioid agonist,
B-endorphin, does not readily pass through the blood-brain barrier [41], making direct field measurements impossible, as they
require invasive procedures such as spinal tap. However, since mu-opioids act as a natural analgesic [42,43], a common solution
is to use pain threshold and/or pain tolerance as proxy measures for mu-opioid release in experimental research [13,33,44].

(a) The present study

In the current study, we conducted a field study of 24 religious rituals in the United Kingdom (UK) and Brazil, where levels
of social bonding and pain threshold —as a proxy for opioid release —were measured both before and after the rituals. We also
measured affect before and after the rituals, as research suggests that emotional state is related to both pain perception [45] and
changes in opioid tone [46], and that positive affect plays a role in social bonding [47].

Psychology has a history of only studying individuals from Western, educated, industrialized, rich, democratic populations
[48], particularly white, middle-class university students. This is especially true in the psychobiology of social bonding (see [49]
for one such criticism), though the cognitive and evolutionary science of religion has made improvements [50], as has recent
cross-cultural work on ritual and music [51]. Sampling from both the UK and Brazil addresses these concerns [40]. Including an
Afro-Brazilian religion native to the research context also supports ecological validity and ensures research is conducted in-situ
rather than in a “white room’ [50].

The first aim of this study was to test whether feelings of group social bonding increase from before to after doctrinal rituals.
The second aim was to provide evidence that p-opioid activation (as measured via pain threshold proxy) is related to group
social bonding within religious ritual. The pre-registered hypotheses we will analyse here were as follows: (i) social bonding
will be higher after than before the religious ritual (see effect ‘a’ in figure 1); (ii) pain threshold will be higher after than before
the religious ritual (see effect ‘b’ in figure 1); (iii) increases in pain threshold will predict increase in social bonding (see effect ‘¢’
in figure 1).
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Figure 1. The pathways of the theorized mechanisms of action for how religious ritual would be associated with changes in feelings of social bonding.

2. Methods

(a) Participants

Participants were recruited from 13 Christian churches of different denominations in the UK (London, Coventry, Oxfordshire)
and 11 Afro-Brazilian (Umbanda) religious groups in Brazil (Sao Paulo and Porto Alegre). All participants were aged 18 and
over. In total, 359 (Mage = 44.3 years, s.d.q, = 17.3, 246 women) participants were recruited across the UK (n = 113, Mage = 58.6
years, s.d.qee = 17.2, 77 women) and Brazil (n = 246, Mage = 38.0 years, s.d.;q. = 13.4, 169 women). Of these, 91 participants met
at least one exclusion criterion (see below), which left 265 total participants (Mage = 42.3 years, s.d.qe = 15.5, 180 women), 70
UK participants (Mage = 54.6 years, s.d.qg. = 17.2, 47 women) and 195 Brazilian participants (Mage = 37.9 years, s.d.qe = 12.1, 133
women). All data analysis was conducted after data collection had finished.

Pain threshold data were not collected for participants with a diagnosis of arthritis [52], diabetes [53] and/or attention-def-
icit/hyperactivity disorder [54], due to differences in pain perception. Given natural fluctuations that alter the release of
mu-opioids during pregnancy [55], pregnant participants were also excluded. We also controlled for recent alcohol intake [56]
and pain medication as additional exclusion criteria after data collection, given the effects of alcohol and pain medications
on pain perception. Finally, a pre-session pain threshold measurement of the upper-limit value of 300 mmHg was used as an
exclusion criterion, as no upward change can be detected.

In the pre-registration, an a priori power analysis suggested 226 participants were needed for the pre-planned analysis, but
given changes in the analyses, this was no longer appropriate. Using G*Power [57], it was determined by conducting an “Exact’
linear, two-tailed regression test to find this effect, with H1 p* = 0.08 and HO p* = 0, a = 0.05, power (1 - f) = 0.8 with a single
predictor, 115 participants would be sufficient. We also conducted a linear mixed-effects analysis. The calculation of power for a
three-level mixed-effects model, while possible [58], is not simple. The electronic supplementary material provides an expanded
discussion of mixed-model power (§1.1). In short, there are instances where 17 top-level objects would be appropriate. The
data from this study likely conforms to these instances, and so 24 ritual sites should suffice to find effects using mixed-effects
modelling.

(b) Context

The UK religious rituals were all Christian but from varying denominations, including Roman Catholic, Methodist, Church of
England, Baptist and those that self-described as ‘Evangelical’. While the exact nature of the content of the rituals differed, all
of the UK church rituals included: (i) time spent praying, (ii) communal singing while both seated and standing, (iii) periods of
time where a leader (e.g. priest or minister) spoke from a lectern, pedestal or pulpit, (iv) a moment of silence, and (v) a period of
time where congregants were encouraged to communicate with one another (often via wishes for peace to be brought upon one
another).

Umbanda is an Afro-Brazilian religion that blends spiritualism, African ritual dances and rhythms and Roman Catholic
prayers and images. While there are variations in beliefs across Umbanda groups, there are many commonalities such as the
belief in a supreme creator and the syncretization of sub-deities with Christian saints [59]. Another common belief is the ability
to contact spirits via mediums. Umbanda rituals include: (i) time spent praying, (ii) time spent communal singing, (iii) dancing
or clapping, (iv) time spent with a ritual leader speaking to the congregation, and (v) time spent communicating with the spirits
in some way [60,61].

Despite significant differences in the belief systems of the UK and Brazilian rituals, some clear similarities are present:
the presence of prayer, communal singing, time spent focusing on an individual speaker directing their attention to the
congregation and ritualized standing and sitting. It is these common ritual behaviours that are hypothesized to be associated
with increases in feelings of social bonding [25].

(c) Materials

Social bonding. Six questions were used. Five of these were measured on a 7-point Likert scale, from ‘1" ‘not at all’ to ‘7’
‘extremely’: (i) ‘At this moment, how connected do you feel to the people in your congregation?” (adapted from [17]); (ii) ‘At
this moment, how emotionally close do you feel to the other members of your congregation as a whole’; (iii) “Thinking about
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everyone in your congregation now, how much do you trust the others in this group?”; (iv) "How much do you like the people [ 4 ]
in your congregation overall?” (adapted from [62]; and (v) ‘“Thinking about everyone in your congregation now, do you feel you
have a lot in common with others in this congregation?’ (adapted from [63]. The last question was the pictorial Inclusions of
Others in Self scale (IOS [64]), a measure of self-other overlap that consists of a 7-point scale using Venn diagrams to illustrate
how closely one identifies with others, where ‘1" signifies mostly separate identity and ‘7’ signifies extremely close identity.
Answers to these questions were averaged into a single social bonding score (see §3). A full version of the questionnaire can be
found on Open Science Foundation (OSF; https://doi.org/10.17605/OSF.IO/WAM9Z).

Pain threshold. This was measured using a “pressure cuff’ (typically used to measure blood pressure), which involved
slowly inflating a sphygmomanometer cuff on the participant’s upper, non-dominant arm at 10 mmHg intervals each second
until the participant indicated that they were ‘very uncomfortable’. The measurement was recorded out of sight of the partic-
ipant. The ‘score’ on this test is the pressure (in mmHg), which is listed on the sphygmomanometer when a participant
signalled to the researcher that they were very uncomfortable. This measure of pain threshold has previously been used
in similar field and experimental studies (e.g. [33,65,66]), and manual pressure-pain threshold measures have high levels of
test-retest reliability [67,68]. The validity of this proxy is further supported by naloxone blockade studies, which show that
opioid antagonism can modulate pressure-pain sensitivity [69,70], consistent with a contribution from endogenous mu-opioid
signalling. Moreover, pain threshold was used over pain tolerance due to an abundance of evidence suggesting a link between
threshold, but not tolerance, with mu-opioid release (e.g. [71,72]). The pressure-pain threshold is taken both before and after the
ritual, with the difference in pressure taken as the change in threshold (APT). For the full cuff measure protocol, see the protocol
on OSF (https://doi.org/10.17605/OSF.IO/WAM9Z).

Affect. The Positive And Negative Affect Scale (PANAS [73]) was used to collect data on the affective state of participants
both before and after the ritual. The PANAS asks participants to say how much they are feeling 20 emotions (10 positive, 10
negative) ‘at this moment’ measured on a 6-point Likert scale, from zero to five, where zero is ‘not at all’ and five is ‘very much’.

PILLOZ07 16T § 205420l qdsi/BiorBuysyqndiaaposiefor

The values were summed for positive affect and negative affect, separately.

Religiosity. Participants were asked how long they had attended their current church, and their religiosity was measured
with the Duke University Religion Index (DUREL [74]). While the DUREL was conceptualized to measure organized religious
activity, non-organized religious activity and intrinsic religiosity most empirical assessments of DUREL, in both English and other
languages, have found a single-factor solution is most appropriate [75,76], including in Brazilian populations [77]. Participants were
also asked after the ritual, a measure of ‘connectedness to God’ during the ritual: ‘During today’s ritual, did you feel connected to
God, Jesus and/or the Holy Spirit?” In Brazil, ‘spirit guides’ was added to the question. The researchers also collected information
such as size of group, length of ritual and religious denomination for follow-up analyses to check for confounds.

Other measures. The questionnaire given to participants contained further questions, but these were included for use in a
separate research project concentrating on secular versus religious ritual attendance, with a focus on morality [78].

(d) Translation

For measures to be translated into Brazilian Portuguese, we used previous validated translations, and remaining translations
were done by fluent speaker co-authors using a check-translate procedure (see electronic supplementary material).

(e) Procedure

Participants were made aware of our field study via newsletters and announcements at their respective religious groups. On
the day of the study, after reading the participant information sheet and signing the consent form, participants first did the
pressure cuff measure, followed by the pre-ritual questionnaire as detailed above. After the ritual, participants had the pressure
cuff measure taken again by the same researcher who took it before (to keep extraneous variables for this measurement as
consistent as possible), and then filled out the post-ritual section of the questionnaire. Participants were then partly debriefed
about the study. A full debriefing was sent out to all participating religious communities once we finished all data collection.
For a full explanation of the process of church recruitment and a full outline of the study procedure, see procedures on OSF
(https://doi.org/10.17605/OSE.IO/WAM9Z). Data were collected between 2018 and 2019.

(f) Data analysis

This study has been pre-registered on the OSF (https://doi.org/10.17605/OSF.I0/QZSGB). Three changes were from the pre-
registration: (i) affect was added as a variable of interest; (ii) behavioural synchrony could not be assessed due to differences
in video recording quality across sites (see electronic supplementary material); and (iii) given the data’s hierarchical structure,
with measurement occasion (level 1) nested within participants (level 2) nested within ritual site (level 3; see electronic
supplementary material, figure S1B), linear mixed-effects models were used.

For the regression analyses, data were first tested for multivariate normality, autocorrelation and homoscedasticity. These
assumptions were met. Variables were mean-centred and standardized to create Z-scores as appropriate for the purpose of the
regression analysis. As the pre-registration did not specify what would constitute a multivariate outlier, no outliers were excluded
in this analysis. As part of data analysis, non-parametric tests were required due to non-normality of the data (for more information
on this and on statistical methods and power analyses, see the electronic supplementary material). All anonymized data and R [79]
analysis script can be found on the OSF online repository (https://doi.org/10.17605/OSF.IO/WAM9Z).
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3. Results
(a) Social bonding

Prior to computing a social bonding composite, an exploratory factor analysis was conducted on the five non-IOS questions
at each time point to verify unidimensionality prior to averaging. Using an oblique rotation and a principal-axis method for
extraction, both the pre-ritual and post-ritual responses yielded a single-factor solution (pre: 62.15% variance explained; post:
71.48%), with all items loading on one factor and no eigenvalue exceeding 1.0.

Internal reliability was good at both time points (pre: w = 0.85, 95% confidence interval (CI) [0.81, 0.87]; post: w = 0.90, 95%
CI [0.87, 0.92]). The five-item average correlated moderately to strongly with the IOS (pre: r = 0.69; post: r = 0.67), supporting
construct validity. The IOS was therefore added to create a six-item composite, which again yielded a single-factor solution and
good reliability (pre: w = 0.87; post: w = 0.90). This composite was used in all subsequent analyses.

(b) Effects of religious ritual

A Shapiro-Wilk test was conducted to check whether the data met the assumptions for parametric testing. The social bonding
(W =0.96, pre-ritual, W = 0.93, post-ritual), pain threshold (W= 0.97, W = 0.97), positive affect (W = 0.96, W = 0.97) and negative
affect (W =0.930, W = 0.86) scores were all significantly different from normally distributed (all p < 0.001). Thus, non-parametric
tests were used.

Two-tailed Wilcoxon signed-rank tests were used to test pre-to-post changes (see electronic supplementary material, table
S1C). As predicted, social bonding was higher post-ritual (M = 5.70, s.d. = 0.92) than pre-ritual (M = 5.41, s.d. = 0.94, p < 0.001,
rg = 0.30) and pain threshold scores were higher post-ritual (M = 178.63, s.d. = 60.35) than pre-ritual (M = 157.90, s.d. = 54.45,
p <0.001, rg = 0.27), indicating a small-to-moderate effect of ritual attendance on pain threshold. Positive affect increased from
pre-ritual (M = 38.71, s.d. = 11.90) to post-ritual (M = 39.78, s.d. = 12.12, p = 0.02, rg = 0.12), indicating a small effect, and negative
affect decreased from pre-ritual (M = 11.24, s.d. = 7.34) to post-ritual (M = 8.87, s.d. = 5.57, p < 0.001, rg = 0.33), indicating
a moderate effect. All pre-to-post changes remain significant when correcting for multiple comparisons using the Bonferroni
correction.

Results were largely consistent across countries, with two exceptions (see electronic supplementary material, table S1C): pain
threshold did not significantly increase following ritual in the UK sample (p = 0.058), and positive affect did not significantly
increase in the Brazil sample (p = 0.68). Figure 2 displays the distribution of scores for each country at both time points,
illustrating the pre-to-post changes reported in electronic supplementary material, table S1C.

(c) Relationship between social bonding and pain threshold

Figure 3 plots the change in social bonding against the change in pain threshold. A simple linear regression was performed
to determine whether the change in pain threshold (APain threshold) predicted the change in social bonding score. APain
threshold significantly predicted change in social bonding score (Fj 264 = 4.846, p = 0.029, R = 0.018, Rudjz = 0.014), where APain
threshold accounted for 1.8% of the variance in the change in social bonding score.

As a follow-up to the pre-registered hypothesis, and to examine whether change in affect also predicted change in social
bonding, a multiple regression was conducted. We found a significant model (F36p = 9.17, p < 0.001, R* = 0.095, Rudjz = 0.085),
where change in pain threshold, positive affect and negative affect were all significant predictors of change in social bonding
score (see table 1).

A further follow-up analysis was conducted to control for age, country, gender, religiosity, connectedness to God and the
number of years they had attended the service for. This model was significant (Fg 233 = 4.47, p < 0.001, R* = 0.15; see table
2). Change in social bonding was significantly predicted by change in pain threshold, positive affect and negative affect and
feelings of connection to God.

As affect, age and gender have been known to influence pain perception [80,81], another multiple regression was conducted
with positive affect, negative affect, gender and age included as predictors, to determine whether pain threshold change was
itself predicted by possible control variables. This model was not significant (F4 20 = 0.62, p = 0.646, R* = 0.01). This suggests that
pain threshold change was not predicted by change in affect or by the variables age or gender.

(d) Multi-level models

As the data in this study have a hierarchical structure (measurement occasions, within participants, within ritual sites), a series
of follow-up analyses were conducted using a linear mixed-model approach. Suggestions provided by Aho ef al. [82] and Luke
[83] on how to conduct mixed-effects model analysis were followed (for a detailed rationale and method of how this was
implemented, see the electronic supplementary material sheet).

A series of models was created, and the corrected Akaike information criterion (AICc) [84] was used to select the best-fit
model. These models were compared with one another to find the most parsimonious model (the one with the lowest AICc
value) and then determine the significance of fixed effects. The best way to get a more reliable p-value is to fit the model using
a ‘reduced maximum likelihood” instead of a maximum likelihood method [83]. The analysis script detailing the steps and a full
report can be found in the electronic supplementary material.
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Figure 2. Raincloud plots displaying social bonding scores (A) and pain threshold in mmHg (B) for UK and Brazil participants at pre- and post-ritual time points.
Each plot displays the distribution of individual scores (half-violin), a boxplot (median, interquartile range and whiskers extending to 1.5X interquartile range) and
individual data points. Dashed lines connect group means (white diamonds) from pre- to post-ritual for each country. UK: n = 70; Brazil: n = 195.

Table 1. Multiple linear regression predicting change in social bonding with change in pain threshold and change in positive and negative affect scores.

variable B 95% t p

Apain threshold 0.14% [0.03,0.26] 245 0.01
Aposmv L sy [010 s ] ................................. e oo
Anegatwe e ppg [_030 —006] ........................... e oo

Note: B2 = 0.09**, 95% Cl =[0.03, 0.16]. *p < 0.05; **p < 0.01; ***p < 0.001.

Table 2. Multiple linear regression predicting change in social bonding using change in pain threshold and change in positive and negative affect scores and additional
variables.

variable B 95% (I t p
Apain threshold 0.14* [0.02, 0.26]

0.15**,95% (I =[0.05, 0.20]. Signicant S-values in bold. *p < 0.05; **p < 0.01; ***p < 0.001.

After a series of multi-level models were compared, the most parsimonious model included an interaction effect between
country and positive affect in addition to the following variables: pain threshold, positive affect, negative affect, country,
connection to God, age, service attendance, gender and religiosity. We then used Luke’s [83] method to find the significant fixed
effects, the results of which are presented in table 3. There were significant fixed effects of measurement occasion (pre- versus
post-ritual), pain threshold, positive and negative affect, a feeling of a connection to God, religiosity, and we found a significant
interaction effect between positive affect and country, where social bonding was predicted by positive affect more strongly in
the UK than in Brazil.

Using the same multi-level modelling analysis method, we also found predictors of pain threshold. The most parsimonious
model included measurement occasion, social bonding, gender, country, religiosity interactions between measurement occasion
and social bonding and measurement occasion and gender. Inclusion of positive affect, negative affect, age and/or connection to
God led to a worse model fit. In the final model, measurement occasion was a significant positive predictor of pain threshold
(#(238.9) = 3.28, p = 0.001), while gender (#(330.2) = -2.25, p = 0.025) and religiosity (£(245.5) = -2.99, p = 0.003) were significant
negative predictors of pain threshold. However, no interaction effects were significant. Here, post-ritual pain threshold was
significantly higher than pre-ritual pain threshold, those who identified as women had significantly lower pain thresholds than
those who identified as men, and a higher religiosity score was significantly predictive of a lower pain threshold.
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Figure 3. Scatterplot with change in pain threshold against change in social bonding; the light grey lines represent the 95% confidence interval of the RMA regression
line (shown in red).

Table 3. Multi-level linear model output from the most parsimonious multi-level model predicting social bonding, using the Satterthwaite [85] correction (see [83]).

fixed effects B s.e. 95% (s t p df.

(intercept) 0.06 0.08 [—0.09, 0.20] 0.76 0.46 26.77
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Note. Reference levels are: measurement (0 = pre), Country (0 = UK). Significant -values in bold. *p < 0.05; **p < 0.01; ***p < 0.001. > Marginal R’ shows the
amount of variance explained by only the fixed effects, and conditional R shows the amount of variance explained by the full model (fixed effects and random effects
together).

4. Discussion

In this fieldwork study measuring 24 naturally occurring rituals, we provide field evidence consistent with the ‘brain-opioid
theory of social attachment’ [1,3]. Participation in rituals was followed by increased feelings of social bonding, and these
changes were predicted by a concurrent increase in a mu-opioid-linked proxy (pressure-pain threshold) alongside shifts in
affect. Together, these findings are consistent with the idea that routine religious services actively engage opioid- and bonding-
inducing processes that help sustain cohesion within large congregations, thus providing further evidence for the BOTSA
model as regards the role of mu-opioids in social bonding [25].
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Specifically, we found that social bonding was higher following religious rituals, and that this was predicted by a concurrent n
increase in pain threshold and positive affect and a decrease in negative affect. This pattern suggests that ritual bonding
is supported by at least two partially independent but converging pathways: a mu-opioid-linked mechanism indexed by
changes in pain threshold, and affective processes that shift participants towards a more positively valenced, less negatively
aroused state. In line with broaden-and-build models of positive emotion, such positive affective shifts may temporarily expand
individuals’ cognitive and behavioural repertoires in ways that facilitate approach, play and openness to others, thereby
building enduring social resources and strengthening bonds within the congregation [47,86].

In addition, a substantial body of work shows that affect modulates pain perception and opioid tone: positive emotional
states and appetitive motivation generally dampen pain, whereas negative affect and threat heighten it, often via interac-
tions between emotional appraisal, attention and endogenous analgesic systems, including opioidergic pathways [45,46]. Our
findings are consistent with this literature in suggesting that ritual-induced changes in positive and negative affect may directly
promote feelings of closeness and contribute indirectly by modulating mu-opioid-mediated analgesia, with both channels
jointly supporting the experience of group social bonding during doctrinal rituals.

The role of oxytocin also warrants consideration. Oxytocin is a neuropeptide associated with social affiliation and pair
bonding in animal models, and early human studies suggested a role in interpersonal trust [87]. A subsequent meta-analysis
of the oxytocin-trust literature found an overall effect size indistinguishable from zero [88], and the broader body of human
research has been described as the ‘oxytocin paradox’, a pattern of inconsistent findings marked by context-dependency
and gender differences [89-91]. A genomic study of six neurotransmitter systems found that oxytocin receptor genes were
associated only with romantic pair bonding, not with general group social bonding [13]; mu-opioid receptor genes showed the
most generalized association across all bond types, including group bonds. Oxytocin is therefore a less compelling candidate for
explaining the congregational bonding effects observed here.

¥/119707 16T g')ogy ')b)d .(1.651/6.1.6'6u1ﬁsuqﬁdhabé§w/(dj

That said, oxytocin may interact with the mu-opioid system: central oxytocin signalling can stimulate endogenous opioid
release, and mu-opioid activation modulates oxytocin-sensitive circuits involved in social reward [10,46]. There is also evidence
that oxytocin pathways in humans are associated with positive affect and spirituality [92], which may be relevant given the
connection-to-God effects observed here. Disentangling the respective contributions of these systems would require pharmaco-
logical manipulation of both pathways simultaneously.

This study is, to our knowledge, the first to show that religious ritual increases mu-opioid activation as indexed by a pain
threshold assay, although we acknowledge that pain threshold is only a proxy measure. This limitation can be addressed with
pharmacological blockade of mu-opioid receptors, for example, using Naltrexone (e.g. [93]). Since this study was conducted,
other research has shown that indeed, blocking mu-opioid receptors with Naltrexone leads to significantly lower feelings of
social bonding during ritual compared with placebo, across both a yoga-based ritual in the UK and an Umbanda ritual in
Brazil, providing direct pharmacological evidence that mu-opioids play a causal role in ritual-induced social bonding [94].
Nonetheless, mu-opioid system activity does not always have a reliably detectable or straightforward influence on the measure-
ment of pain thresholds. Werner ef al. [95] found that mu-opioid receptor (MOR) antagonist effects on pain threshold were
inconsistent across a broad range of experimental paradigms, including ‘inhibitory” and ‘sensitising’ test models, which likely
reflects the diversity of designs and pain modalities reviewed rather than undermining pressure-pain threshold specifically.
Direct neurochemical measures, such as positron emission tomography imaging of mu-opioid receptor binding, would provide
stronger evidence for the proposed mechanism in future work.

The modest variance explained by pain threshold change in isolation is consistent with field studies of opioid-mediated
bonding [14,20] and likely reflects the substantial individual variability inherent to naturalistic measurement rather than being
biologically trivial. When modelled alongside affect and other covariates, the independent contribution of the pain proxy
remains significant, consistent with a genuine but incremental opioid contribution to the bonding response. Although women
showed lower absolute pain thresholds than men overall, gender did not predict the magnitude of pain threshold change
during the ritual, nor did it moderate the relationship between pain threshold change and social bonding change, suggesting the
opioid-linked bonding pathway operates similarly across the genders in this sample.

Our findings are consistent with BOTSA [1], though they sit within an ongoing debate about the mechanisms linking ritual
behaviour, synchrony and social bonding. Some researchers have raised challenges to synchrony effects; Atwood et al. [96]
argued that many experimental synchrony-bonding studies are vulnerable to expectancy effects, whereby participants infer
they are supposed to feel more connected. However, Tunggeng et al. [97] responded directly and showed that synchrony-pro-
sociality effects persist under conditions designed to control for expectancy, suggesting the relationship is not reducible to
demand characteristics alone. Moreover, a meta-analysis by Rennung & Goritz [98] found that prosocial effects of synchrony are
reliable but modest and context-dependent, which is consistent with our finding that pain threshold change explained a small
but independent portion of variance in social bonding change after controlling for affect, country, gender, age and religiosity.

However, since we could not measure synchrony directly due to technical issues with video recording, our findings are best
interpreted as evidence for the broader ritual activity effect rather than a synchrony-specific one. Nevertheless, experimental
work has shown that synchrony adds an independent increment to pain threshold and social bonding over and above the effect
of the activity itself [14,33,44], such that ritual participation alone is likely to produce an opioid-linked bonding effect, with
synchrony amplifying but not driving it.

Religious rituals incorporate synchronized behaviours, including communal singing and collective movement, each of which
has been proposed to serve evolutionary functions. Mehr et al. [99] argue that music may primarily serve credible signalling or
coalition-display functions, whereby participants demonstrate commitment to the group. Savage et al. [100] propose a related
but distinct account, the Music and Social Bonding hypothesis, arguing that music evolved as a derived bonding mechanism
that augments ancestral bonding mechanisms such as grooming by allowing bonds to be maintained with multiple individuals



simultaneously, building on BOTSA. BOTSA proposes that ritual participation (which may involve synchrony) evolved as a n
scalable bonding mechanism because it activates the opioid system in ways that dyadic grooming cannot achieve at scale
[1,101]. The present study does not adjudicate between these accounts but provides field evidence consistent with the opioid
pathway BOTSA proposes.

We initially did not find that participants’ level of religiosity or length of time they had attended the ritual had an added
effect in predicting an increase in social bonding. This suggests that, in the short term, the bonding effects of doctrinal rituals
may be relatively robust across individuals with differing religious histories, at least when they are already embedded enough in
the community to attend services. However, follow-up multi-level analyses revealed that higher religiosity was associated with
higher overall levels of social bonding (both before and after the service), indicating that more religiously engaged individuals
tend to enter and leave rituals with stronger feelings of connection to their congregation. This pattern is in line with longitudinal
evidence that regular religious behaviours and embeddedness in religious communities are associated with richer religious social
support networks and better mental health outcomes, partly because religious involvement provides repeated opportunities to
build and maintain supportive ties [102,103]. Together, these findings imply that rituals may operate on two timescales: acutely, by
temporarily boosting bonding via mu-opioid-linked and affective processes in any given service, and chronically, by contributing
over months and years to elevated baseline social bonding among more religiously committed congregants.

Moreover, we found that the role of positive affect in predicting social bonding differed between the UK and Brazil. In Brazil,
higher positive affect was less predictive of social bonding than it was in the UK participants. In addition, the change in positive
affect from before to after the ritual was not statistically significant in Brazil after correcting for multiple tests, and a likely
reason for this is a pre-ritual ceiling effect on positive affect among Brazilian participants. One interpretation is that, in the
Brazilian context, high levels of positive affect during ritual may be relatively normative and therefore less informative about
changes in perceived closeness, perhaps because cultural norms place a stronger emphasis on warm, expressive interpersonal
styles and on maintaining positive social harmony [104]. By contrast, in the UK congregations, where emotional restraint and
concerns about exuberant expression may be more salient, moments of heightened positive affect during ritual may stand
out more clearly as signals of social connection and shared experience, making individual differences in positive affect more
predictive of perceived bonding.

One possible limitation of the current study is that participants were recruited from two culturally distinct countries in
uneven numbers. In part, this was the result of a higher average number of participants who met at least one exclusion criterion
in the UK as compared to Brazil (possibly due to a higher average age): 38% of British participants had to be excluded, in
contrast with only 21% of Brazilian participants. This difference in participant numbers meant that exploratory tests comparing
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UK to Brazilian data were not conducted, as there were not enough participants recruited in the UK to have a well-powered
enough analysis to find a significant relationship between social bonding and pain threshold within the group. Another
limitation is that, as this is a naturalistic field study, we did not have a control condition in this study. Site selection was
also shaped by researchers” access to religious groups in both countries, which is an opportunity bias worth acknowledging
alongside the principled sampling rationale.

One pre-registered analysis, quantifying behavioural synchrony during the rituals, could not be carried out due to varying
video quality and technical problems. Two further hypotheses, therefore, remain untested: (i) that behavioural synchrony,
believed to enhance the release of mu-opioids [33,34], would predict changes in social bonding [105], and (ii) that this would be
mediated by change in pain threshold. Directly testing these synchrony-based pathways in naturalistic ritual settings remains
an important target for future research.

In conclusion, this field study provides evidence that participation in doctrinal religious rituals is associated with increases in
feelings of social bonding from before to after the service. The study also shows that this increase in social bonding is predicted
by increases in mu-opioid-linked pain threshold and positive affect and by decreases in negative affect. These findings support
the ‘brain-opioid theory of social attachment’ [1,4] in ecologically valid religious settings and suggest that doctrinal rituals
function as scalable cultural practices that repeatedly recruit evolved neurochemical systems for human social bonding.
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