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Collective rituals are present in all known societies, but their
function is a matter of long-standing debates. Field observations
suggest that they may enhance social cohesion and that their
effects are not limited to those actively performing but affect the
audience as well. Here we show physiological effects of synchro-
nized arousal in a Spanish fire-walking ritual, between active
participants and related spectators, but not participants and other
members of the audience. We assessed arousal by heart rate
dynamics and applied nonlinear mathematical analysis to heart
rate data obtained from 38 participants. We compared synchro-
nized arousal between fire-walkers and spectators. For this
comparison, we used recurrence quantification analysis on in-
dividual data and cross-recurrence quantification analysis on pairs
of participants’ data. These methods identified fine-grained com-
monalities of arousal during the 30-min ritual between fire-
walkers and related spectators but not unrelated spectators. This
indicates that the mediating mechanism may be informational,
because participants and related observers had very different
bodily behavior. This study demonstrates that a collective ritual
may evoke synchronized arousal over time between active partic-
ipants and bystanders. It links field observations to a physiological
basis and offers a unique approach for the quantification of social
effects on human physiology during real-world interactions.

social interaction | mirroring | recurrence plots | collective effervescence |
social anthropology

Collective ritual action is a ubiquitous aspect of all known
human cultures. Social scientists have long theorized about

its origins and possible functions. Anthropologists have observed
that collective rituals foster social assimilation (1), enhance
prosociality (2, 3), and reinforce social solidarity and group co-
hesion (4–6). Thus, rituals may become vehicles for social or-
ganization and transformation by contributing to the formation
of strong emotional bonds between group members (7, 8).
Previous research has investigated the relationship between

synchronous activity and social rapport (9–11). Marching in step,
chanting, dancing, playing music in unison, and other synchro-
nous ritualistic activities are found in all cultures (12). Previous
studies have shown that synchronized behaviors enhance co-
operation within groups (13, 14) and lead to increased rapport
between group members (15, 16). Thus, the suggestion is made
that rituals involving synchronous actions are adaptive in pro-
moting social cooperative behavior (14).
However, the question remains whether it is the matching of

actions performed that leads to increased rapport (17), or shared
emotion that results from taking part in the same event (4). For
example, the former mechanism would fail to describe the social
effects of those collective rituals from which synchronized actions
are absent.
One well-known theory comes from Émile Durkheim, who at-

tributed these effects to the notion of “collective effervescence”,
arguing that:

The very fact of congregating is an exceptionally powerful stimulant.
Once the individuals are gathered together, a sort of electricity is
generated from their closeness and that quickly launches them to an
extraordinary height of exaltation... Probably because a collective
emotion cannot be expressed collectively without some order that
permits harmony and unison of movement, these gestures and cries
tend to fall into rhythm and regularity. (4)

Although this idea of a “collective effervescence” is purely
theoretical, it could be translated into different terms, perhaps
via a more concrete biological mechanism. We hypothesized that
one such mechanism could be synchronous arousal, which may
be related to empathy and affective mirroring (18, 19).
With this hypothesis in mind, we assumed that such synchro-

nous arousal would be detectable in physiological states of ritual
participants. To test this experimentally, we measured heart rates
during the course of a fire-walking ritual. We equated arousal
with fluctuations in the autonomic nervous system and con-
comitant heart rate activity.
The ritual investigated in this study was chosen because it is

highly arousing and does not involve overt behavior synchronized
in time. This enabled us to investigate synchronized arousal instead
of synchronized body movements, measured as heart rate data
from active participants and spectators of the ritual. The study was
conducted in San Pedro Manrique, a rural Spanish village of 600
inhabitants, during the annual fire-walking ritual. The ritual is
performed at midnight on the 23rd of June at the height of the
summer solstice (20). It takes place in a specially built amphithe-
ater, which can accommodate up to 3,000 spectators.
The fire consumes more than 2 tons of oak wood and burns for

4 h before it is reduced to a carpet of glowing red coals. Once the
coal bed is ready, the fire-walkers begin their procession, ac-
companied by music and a large crowd, parading through the
Town Hall Square before they enter a cleared space at the focus
of the amphitheater. The amphitheater is packed with specta-
tors, including local inhabitants and visitors from out of town.
After dancing for several minutes in a circle around the

glowing bed of coals, the fire-walkers assemble and decide the
order in which they will cross. They then take their place on
the ground to wait their turns. The sound of a trumpet beckons
each fire-walker to the walk, one by one. The fire-walk is con-
ducted bare-footed, and most walkers carry another person on
their backs while crossing the fire, typically a spouse, relative, or
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friend (Movie S1). Once they have crossed over, their closest
friends or relatives rush over to hug and congratulate them.
According to our hypothesis, synchronized arousal is one

mechanism that ties the ritual participants together—not just
performers, but observers as well. We thus expected to find
shared arousal between fire-walkers and spectators, even though
the spectators did not perform the same actions but merely
witnessed the ritual. Previous research has investigated physio-
logical responses among spectators to televised sporting events
(21), showing joint elevation in heart rate when their teams
scored a goal, as well as effects of sporting events on cardio-
vascular mortality (see ref. 22 for review). Here, however, we
quantify levels of coupling of physiological states between par-
ticipants and spectators.
Much research has investigated the capacity of people to feel

what others are feeling, through action observation and mirroring
(23), particularly as concerning pain empathy (24). Research in
neuroscience suggests that highly similar patterns of brain activity
are present in an observer as in the observed actor who has the first-
hand experience of the emotion (25). According to these findings,
we might expect synchrony between fire-walkers and any of the
spectators. However, empathy and communication of emotion en-
tail other factors as well, such as the context and the intensity of the
observed emotion (26), which could also be modulated by the re-
lationship between the observer and the actor (27).
These considerations suggest that we may find more synchrony

in arousal between fire-walkers and closely related spectators
compared with fire-walkers and unrelated spectators. To address
this, we investigated the effects of the ritual on the group, of
different degrees of relatedness. Finding a relationship between

“relatedness” of fire-walkers and spectators and synchronized
arousal would indicate socially mediated effects on physiology
during collective actions. To test for synchronized arousal, we
measured heart rates of three different groups: (i) fire-walkers,
(ii) local spectators who were friends or relatives of the fire-
walkers, and (iii) nonrelated, nonlocal spectators.

Results
Twenty-eight participants crossed the carpet of glowing red
coals, 7 m long, with surface temperatures of 677 °C. Continuous
heart rate data were recorded from three groups of participants:
(i) 12 fire-walkers, (ii) nine spectators who were either relatives
or friends of at least one fire-walker, and (iii) 17 spectators, not
related to any of the locals, who were visiting the village for the
ritual. Each participant wore a transmission belt around their
chest, which recorded heart rate averaged over 5-s intervals.
Each walk lasted 4 to 5 s, corresponding to a single data point.
We report data from two source epochs: a 30-min baseline,

recorded 2 to 3 h before the ritual, and the 30 min that spanned
all 28 individual fire-walks. Analyses were conducted using all of
the data points from the baseline and ritual epochs. These two
epochs were analyzed separately. Raw pulse data revealed
striking qualitative similarities during the ritual between the
heart rates of fire-walkers and heart rates of relatives and friends,
with no apparent similarity to nonrelated spectators (Fig. 1A).
To quantify intra- and interpersonal effects of the fire-walking

ritual, we performed recurrence quantification analysis (RQA)
on individual data, and cross-recurrence quantification analysis
(CRQA) on paired participants’ data. These methods were
chosen over correlation analysis because the latter treats data

Fig. 1. (A) Heart rates (beats per
minute) recorded during the pro-
cession and the ritual from a repre-
sentative fire-walker (blue), related
spouse-spectator (red), and unrelated
spectator (green). The red, blue, and
pink lines mark the beginning of the
ritual and the times this fire-walker
and his brother cross the fire, re-
spectively. (B) Recurrence plots for
a (i) fire-walker, (ii) related specta-
tor, and (iii) unrelated spectator just
before the ritual and during the rit-
ual at 2% recurrence rate. The red
and blue lines mark the beginning
of ritual and the time of shown
fire-walker’s walk, respectively. The
x and y axes of the recurrence plots
are the time axes of the shown par-
ticipant’s heart rate. Note: The ep-
och shown before the ritual was part
of the procession and thus not used
as the baseline.
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series as stationary, which they are not. Correlations use aver-
aging to determine similarity between signals along an entire
epoch, ignoring changes that take place throughout. RQA and
CRQA, on the other hand, are nonlinear methods that allow
quantification of dynamical systems and their trajectories. With
these methods we are able to capture many properties of the
heart rate dynamics that would otherwise be lost due to aver-
aging with more traditional correlation analysis.
To quantify intrapersonal similarity, we first produced re-

currence plots for each individual data set. A recurrence plot is
a 2D plot, with the same participant’s heart rate data series along
each of its two axes (more detail is given inMaterials andMethods)
(28). Fig. 1B illustrates three recurrence plots produced from
three individuals’ data: a fire-walker, a related spectator (i.e., his
wife), and an unrelated spectator. The global similarities between
the recurrence plots of the fire-walker and his wife are visible by
eye, as are global differences that distinguish the unrelated
spectator’s recurrence plot (i.e., in the latter case, a more graded
diffusion of points throughout more regions of the plot).
Overall, the recurrence plots of all participants revealed in-

terpretable differences in the patterns of organization around
the ritual as a whole and the individual fire-walks, consistent with
the illustrations shown in Fig. 1B. These “large-scale patterns”
are referred to as the typology of the recurrence plot (28, 29).
They can be either homogenous, periodic, drift, or disrupted
(28). Recurrence plots allow for visualization and classification
of such typologies. For fire-walkers and related spectators, the
recurrence plots resembled a disrupted typology, with abrupt
changes in the dynamics at the start of the ritual and the in-
dividual fire-walk. Fig. 1B shows the transition in dynamics from
the procession to the ritual epoch. The procession was not in-
cluded in the quantification of recurrence plots because we used
a more neutral baseline instead (recorded hours before the rit-
ual), as previously mentioned.
Interestingly, despite the superficially shared experiences of

the related and nonrelated spectators—neither performed in the
ritual, and both were seated throughout—the nonrelated spec-
tators did not show these patterns. Instead, recurrence plots of
their heart rates resembled a drift typology, with a pattern that
fades in the upper left and lower right corners, caused by systems
with slowly varying parameters (28).
To further analyze the similarity of participants’ heart rates

quantitatively, we performed RQA (30). RQA is a nonlinear
mathematical tool used to quantify the number and duration of
dynamical system recurrences from the recurrence plots, pro-
ducing several metrics with which to estimate the similarity be-
tween different dynamical patterns. The metrics used to evaluate
theheart rate data series estimate predictability (%DETerminism),
stability (MAXLine), complexity (Entropy), and smoothness
(Laminarity) of a data series (Materials and Methods). The four
metrics were computed from the recurrence plots of the heart rate
data for each participant and compared using a 3 × 2 mixed-model
multivariate analysis of variance (MANOVA), with the group as

a between-subjects variable and the source epoch (ritual vs. base-
line) as the within-subjects variable (see Table S1 for significance
values). The analysis yielded a statistically reliablemain effect of the
group [F(8,64) = 2.75, P < 0.011] across all four parameters and
a significant interaction [F(8,64) = 3.869, P < 0.001] for three
measures (although not entropy) but only a marginal effect of the
source epoch (P = 0.077).
Post hoc tests using Bonferroni correction revealed a reliable

difference between the fire-walkers and nonrelated spectators
across all four of the similarity metrics; however, the same anal-
yses failed to distinguish fire-walkers from related spectators,
except in stability (MAXLine). Means and SEs for the four
metrics are shown in Fig. S1.
To better understand this ritual–group interaction, we next

examinedmore closely the similarity between heart rates of paired
participants of different degrees of relatedness. To quantify in-
terpersonal similarity, we computed CRQA on pairs of partic-
ipants’ data. CRQA is a nonlinear method for analyzing shared
dynamics between two different data series (31). It is analogous to
RQA, except one participant’s heart data supply the x axis, and the
other participant’s data supply the y axis for the cross-recurrence
plot. We used CRQA to evaluate the coupling between partic-
ipants’ heart rates with respect to the fourmetrics previously used.
Cross-recurrence plots were computed for three different

pairs of participants: (i) related fire-walkers and spectators, (ii)
tangentially related fire-walkers and spectators, whereby the
spectators were related to one of the other walkers, and (iii)
unrelated fire-walkers and spectators, whereby the spectators
had no relation to anyone in the ritual. This allowed us to in-
vestigate how the ritual affected the group level and whether
shared arousal was modulated by the level of relation.
The cross-recurrence plots showed recurrent dynamics dis-

tributed densely around the ritual and the individual fire-walk
between the related walker–spectator pairs (Fig. 2A). A similar
pattern of recurrent dynamics was also found when the spectator
was related to someone else; however, for the spectator it corre-
sponded to the time around the fire-walk of their relative (Fig.
2B). These patterns were much less apparent between the non-
related fire-walkers and spectators (Fig. 2C), and the transitions
were not visible for the nonrelated spectators’ time series.
The four aforementioned metrics were compared using a 3 ×

2 mixed-model MANOVA, with “relatedness” as a between-
subjects variable, and the source epoch (ritual vs. baseline) as
a within-subjects variable (Table S2). The MANOVA yielded
a main effect of relatedness across all four metrics [F(8,24) =
3.508, P < 0.008], as well as a main effect of the ritual [F(4,12) =
9.473, P < 0.001], but only a marginal interaction, P= 0.079. The
means and SEs of the four metrics for each “relatedness” pairing
are shown in Fig. 3.
The paired synchrony of heart rates, comparing related vs.

tangentially related pairs of participants, was not reliably dif-
ferent, as tested using the post hoc Bonferroni correction. The
post hoc analyses also demonstrated that the heart rates of the

Fig. 2. Cross-recurrence plots of a (A)
fire-walker and related spectator, (B) fire-
walker and tangentially related spectator,
and (C) fire-walker and unrelated specta-
tor, at 2% recurrence rate, with the fire-
walkers’ time series along the x axis and
the spectators’ along the y axis. The red
and blue lines mark the beginning of rit-
ual and the time of shown fire-walker’s
walk, respectively. The green line marks
the time of the related fire-walker’s walk.
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related and the tangentially related participants share more
synchrony of dynamical structure than the pairs of unrelated
participants. It is also noteworthy that the main effect of the
source epoch, together with a marginal interaction, suggests that
a reliable degree of synchrony is present between related pairs at
baseline, which is amplified in the ritual epoch. This result mir-
rors the behavioral studies that find automatic entrainment be-
tween individuals engaged in shared activities (32–34).

Discussion
Many social theorists have speculated about the effects of col-
lective rituals. It has often been proposed that synchronized action
in rituals enhances group cohesion, which promotes coopera-
tion between group members. Recent experimental studies have
loosely supported this hypothesis by showing that interpersonal
synchronized motor activity leads to increased rapport between
people and prosocial behavior. We hypothesized that synchro-
nized arousal even in the absence of synchronized action might be
one mechanism responsible for these social effects of collective
rituals. These effects have never been quantitatively investigated
in a natural setting. The present findings show synchrony over time
of bodily arousal between active participants with their related
onlookers, a social modulation that is amplified in the ritual itself.
A qualitative look at the data showed that the fire-walkers’

heart rates had a distinctive “signature,” as seen across all 12 fire-
walkers, with a high peak distributed around the walk itself (Fig.
S2). The same pattern was seen with related spectators, whose
heart rates peaked for the walk of their relatives and friends (Fig.
1A). To quantify this, we performed RQA on the data of each
participant. Recurrence plots revealed characteristic patterns
of organization, resembling a disrupted typology, around the rit-
ual and the individual fire-walk for the fire-walkers and related
spectators, but not unrelated observers (Fig. 1B). The unrelated
spectators showed a drift typology with slow varying parameters
and no visible transitions around the ritual or fire-walks.
The four RQA metrics obtained from the recurrence plots

(%DET, MAXLine, Entropy, and Laminarity) were compared
using a 3 × 2 mixed-model MANOVA, with the group as a
between-subjects variable and the source epoch (ritual vs. base-
line) as the within-subjects variable. The statistics revealed no
significant difference between the fire-walkers and related
spectators, except in stability (MAXLine). However, the heart
rates of the fire-walkers were significantly more structured than

those of the nonrelated spectators. The means of RQA metrics
and the significant ritual–group interaction suggest that the heart
rates of the fire-walkers were more structured during the ritual
compared with the baseline, whereas the ritual had either the
opposite effect or no effect at all on the nonrelated spectators.
Additionally, the individual fire-walking events had a struc-

turing effect on the performers and their relatives, as shown by
the recurrence plots. However, the statistics were not sufficient
to capture the organizing effect of the fire-walks, because one
sampled data point represented the entire span of time from the
beginning to the end of a single fire-walk.
Therefore, the ritual as a whole affects the group differently

depending on their involvement in it. To quantify shared dy-
namics between the groups, we performed CRQA on the three
different groups of pairs, of varying degrees of “relatedness.”
The results confirm that related pairs had more “shared dy-
namics” between their heart rates than the nonrelated pairs.
However, there was no statistically reliable difference between
related and nonrelated walker–spectator pairs when the specta-
tor was related to someone else in the ritual. Additionally, there
was an increase in shared dynamics between fire-walkers and
spectators during the ritual itself compared with baseline.
These shared dynamics do not merely refer to a common in-

crease in arousal but rather to fine-grained commonalities of
arousal patterns across the entire ritual. What these measures
show then is not just that the heart rates go up at the time of the
fire-walk, but that there are shared patterns of arousal that span
the fire-walking ritual across all of the individual fire-walks, be-
tween performers and spectators that are related or tangentially
related.
It would also be interesting to know whether these shared

cardiac effects were predominantly sympathetic or respiratory-
vagus mediated, by investigating the heart rate variability fre-
quency bands. This is relevant, for example, to the question of
whether breath holding or recitation of mantric prayers were
related to the effect, as investigated in previous research (35).
Although our data are not sufficiently fine-grained to assess
potential interactions between levels of involvement and rates of
breathing, it would be unlikely that the modulation of breathing
rates alone would lead to coupling between participants and
related spectators. This is because the breathing was spontane-
ous throughout the ritual, and the fire-walkers and spectators
had different bodily behavior.

Fig. 3. Average CRQA metrics (%DET,
MAXLine, Entropy, and Laminarity) during
baseline (black) and ritual (white), across
three different groups of paired participants:
1, fire-walkers and related spectators; 2, fire-
walkers and tangentially related spectators;
and 3, fire-walkers and unrelated spectators.

4 of 6 | www.pnas.org/cgi/doi/10.1073/pnas.1016955108 Konvalinka et al.

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1016955108/-/DCSupplemental/pnas.201016955SI.pdf?targetid=nameddest=SF2
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1016955108/-/DCSupplemental/pnas.201016955SI.pdf?targetid=nameddest=SF2
www.pnas.org/cgi/doi/10.1073/pnas.1016955108


Other possible confounds to consider in this study are age, sex,
and body mass index, which could have an effect on autonomic
tone and reactivity. As in any ecological study, the environmental
and behavioral confounds could have an effect on the experi-
mental measures. However, the effects of these confounds were
controlled through the use of our baseline measures.
These results suggest that the collective ritual experience is

mediated by familiarity, because synchronized arousal is re-
stricted to the ritual participants (i.e., fire-walkers) and their
friends and relatives. Sharing of emotions merely through mir-
roring is of course possible and expected in the other spectators
as well. It is, however, not enough to merely observe the ritual to
show collective emotions experienced by the performers and
their supporters. The observers must share membership in the
group and have a relationship with at least one of the partic-
ipants to share this tightly coupled group experience reflected in
the heart rate dynamics.
The shared arousal hypothesis therefore seems consistent with

the theory that rituals promote group solidarity. This “group”
would not only consist of performers but also the observers that
are their friends and relatives. Even though this shared arousal
may not be found on each individual fire-walk, it is found across
the time-span of the ritual.
It remains unclear whether shared arousal is the mechanism

driving this collective experience or an emergent property of the
ritual. Results do suggest that the heart rates of related walker–
spectator pairs had more shared dynamics during the baseline as
well, compared with the nonrelated pairs. One explanation for
this could be that the anticipation of the ritual carries structure
as well, for those who are related compared with the rest, be-
cause the baseline was measured only a few hours before the
ritual. It could also be that relatedness plays a role in structuring
people’s heart rates with those close to them. However, this
remains to be investigated.
Not surprisingly, this highly arousing ritual affects the physi-

ological states of both participants and spectators, which can
be seen both intra- and interpersonally. However, coupling of
arousal patterns occurs between fire-walkers and related spec-
tators only, as indexed by heart rate, with the ritual as the
structuring event. The lack of physical contact between fire-
walkers and related spectators suggests that the coupling be-
tween them must have an informational basis (36, 37). The
synchrony of the physiological markers shared by the two beings
cannot be due to direct exchange of matter or energy, leaving
only the information available to spectators and participants as
the basis of the coupling. Whether information is sufficiently
salient to bring about coupling is determined by whether the
spectator is related to at least one of the fire-walkers; hence, the
coupling is socially modulated. The shared dynamics of heart
rate are thus the consequence of socially modulated information-
mediated coupling. This investigation opens a new dimension on
the study of social relations and rituals, allowing the quantifica-
tion of social effects in human physiology.

Materials and Methods
Participants. Participants were recruited from the Spanish village, San Pedro
Manrique. Out of 28 people who walked across the fire, heart rates were
measured from 12 volunteers (11 male, mean age 32.5 y, range 19–46 y).
Additionally, measurements were collected from 26 spectators (16 male), of
which nine were either relatives or self-reported friends of at least one of
the fire-walkers (five male, matched for age ± 5 y), recruited through the
fire-walkers. The rest of the spectators (11 male, matched for age ± 5 y) were
not related to any of the fire-walkers and were recruited at random, hours
before the ritual began. All of the participants gave written, informed
consent before participation and were debriefed about their experiences.

Materials and Procedure. Heart rate data were collected from the 38 par-
ticipants during two epochs of time: 30-min baseline, recorded 1–3 h before
the procession preceding the ritual; and during the ritual, from the begin-

ning of the first fire-walk to the end of the last (28th) walk. (Note: analysis
was carried out on all heart rate points during the 30-min ritual and not just
the single points corresponding to the individual fire-walks.)

Each participantwore a Polar Team transmitter belt (http://www.polar.fi/en/
products/team_sports/polar_team_system) around their chest, which mea-
sured their ECG and outputted instantaneous heart rate from interbeat
intervals, which was averaged at 5-s intervals by the recording device. The
transmitter belts were chosen because of their robustness and practicality:
they were stable, easily transported, and were hidden under the clothes, and
thus unobtrusive. The transmitter belts were synchronized in time via an in-
terface-recharging unit, which was connected to a computer. The ritual was
recorded using five different video cameras, to capture as many events and
angles within the amphitheater. The video cameras were also synchronized to
the time on the computer and were later used to mark all of the events,
namely the beginning and end of the ritual and the timing of each fire-walk.

The ritual was one half-hour in length, starting with the first fire-walk and
ending with the 28th. After crossing the fire, each walker was greeted at the
other end of the burning coals by close relatives and friends. He/she would
then be seated once again, and the next fire-walker would stand up and go
through the same process, until all 28 walkers had crossed the fire. Of the 12
fire-walkers wemeasured heart rate from, 10 carried a close friend or relative
on their backs while crossing the fire. Data were not collected from any of the
carried participants.

Data Analysis. The data consisted of heart rates from three groups: 12 fire-
walkers, nine related spectators, and 17 unrelated spectators. Each person’s
time series from the baseline and ritual epochs were 290 and 325 points
in length, respectively. Two sets of analyses were computed: RQA on re-
currence plots of individual data, and CRQA on cross-recurrence plots of
paired participants’ data, using the CRP MATLAB toolbox (38).
Recurrence plots. Recurrent behavior can be found in all natural processes
and is a fundamental concept in dynamical systems theory. However, the
recurrence of states can be difficult to visualize when the phase space of the
given system is multidimensional. To allow for visualization of dynamical
system recurrences (i.e., in 2D), recurrence plots were developed, first by
Eckmann et al. (29).

A recurrence plot consists of a symmetrical square matrix with the same
time-series along both the x and y axes. The plot represents every occasion at
which a phase space trajectory goes through approximately the same region
in the phase space, as marked by black dots. That is, when a trajectory visits
the same area in phase space twice, a black dot is marked at the coordinates
(i, j), where i is the x axis coordinate corresponding to the first time the
trajectory visits that area in phase space, and j is the y axis coordinate cor-
responding to the time the trajectory revisits the area. Consequently there is
also a black dot marked at the coordinates (j, i). A detailed description of
this method can be found in a review by Marwan et al. (28). An accessible
introduction can also be found in Riley and Van Orden (39).

The phase space was reconstructed via the time-delay method (40),
whereby an embedding dimension and time delay first had to be chosen
(28). The reconstructed phase space captures repetitive, chaotic, and singular
behavior of a system over time and is the basis for the recurrence plot, which
is the ultimate basis for the estimates of the dynamical characteristics of the
time-series. Z scores of each member’s heart rates were obtained, and the
embedding parameters of delay and dimension were estimated for each
data set separately. The embedding dimension was estimated using the false
nearest neighbors algorithm, such that the parameter was increased in in-
teger steps until the recruitment of nearest neighbors became unchanging
(41), thus choosing the minimal sufficient dimension. In our analysis, this
yielded values of 3 to 4. The time delay was estimated as the time of the first
local minimum of the mutual average information function of the time-
series, ranging from 3 to 21 for these time series. Last, a radius (or threshold)
was chosen, which represents the radius of the neighborhood in which re-
current states are identified. Although there are several rules of thumb for
the choice of a radius, we chose them separately for each data set, such that
they corresponded to a fixed recurrence rate of 2% (28). The recurrence rate
represents the percentage of data that are recurrent (i.e., the percentage of
dark dots in the recurrence plot). The reason for keeping it fixed was to
allow comparison between different data sets regarding the four parame-
ters computed from the recurrence plots.
Recurrence quantification analysis. RQA is a method that was developed to
quantify the small-scale structures in recurrence plots (30, 42–44). This
technique allows quantification of different properties of the temporal
evolution of a system, such as stability, complexity, and the occurrence of
epochs of chaos vs. order in the behavior of the system (30). RQA has been
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applied successfully in physiology, especially for the investigation of heart
dynamics (42, 45, 46).

Four different RQA quantities were compared: %DETerminism, MAXLine,
Entropy, and Laminarity. Thesemeasures represent howpatterned thedata are
in several regards (28).%DETquantifies thepredictability of the time-series and
is based on the recurrence point density and the diagonal line structures. It is
calculated as the percentage of recurrent points that form diagonal lines in
a recurrence plot (i.e., which are parallel to the central diagonal). Higher de-
terminism with the same amount of recurrence implies stronger coupling.
MAXLine is the length of the longest diagonal line in the recurrence plot that is
not the main diagonal and quantifies the strength of the strongest attracting
trajectory in the time-series. It represents themaximumtime that two segments
of the phase space trajectory are close to each other. It is inversely proportional
to the largest Lyapunov exponent and thus represents a measure of the dy-
namical stabilityof thesystem.A shorterMAXLine impliesamorechaotic,or less
stable, signal. Entropy calculates the Shannon information entropy of a histo-
gram of diagonal line lengths. It is an index of the complexity of the time series
(47). Laminarity is the percentage of recurrent points forming vertical line
segments and quantifies the amount of smoothness vs. chaoticity of the time-
series. In simple terms, they represent the predictability, stability, complexity,
and smoothness of the data, respectively.

These parameters were compared using a 3 × 2 mixed-model MANOVA,
with the group as a between-subjects variable and the ritual vs. baseline as
the within-subjects variable.
Cross-recurrence quantification analysis. CRQA is an analysis method used to
explore the shared dynamics of two systems (31, 48, 49). It is based on cross-
recurrence plots obtained from two one-dimensional time-series, which are

a bivariate extension of recurrence plots. In this study, we therefore used
CRQA to investigate the shared dynamics between three different pairs of
participants: fire-walkers and related spectators, fire-walkers and tangentially
related spectators, and fire-walkers and unrelated spectators. There were six
spectators who were related to one of the fire-walkers that participated in
the study, constituting the first group of pairs. The second group was chosen
by keeping those same six spectators but repairing them with a different fire-
walker chosen at random. The third group comprised the same fire-walkers
from the first group, paired with a tourist spectator chosen at random.

Z scores were used once again for the baseline and ritual epoch data, and
the same four measures were computed: %DET, MAXline, Entropy, and
Laminarity. The recurrence rate was once again fixed at 2%, and the delay
and dimension were taken as the average of the individual values from RQA.
The four metrics were once again compared using the 3 × 2 mixed MAN-
OVA, with “relatedness” as a between-subject variable and the ritual vs.
baseline as the within-subject variable.
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