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Human and animal dominance hierarchies 
show a pyramidal structure guiding adult 
and infant social inferences

Olivier Mascaro    1 , Nicolas Goupil    2, Hugo Pantecouteau3, 
Adeline Depierreux1, Jean-Baptiste Van der Henst    4 & Nicolas Claidière    5

This study investigates the structure of social hierarchies. We hypothesized 
that if social dominance relations serve to regulate conflicts over 
resources, then hierarchies should converge towards pyramidal shapes. 
Structural analyses and simulations confirmed this hypothesis, revealing 
a triadic-pyramidal motif across human and non-human hierarchies 
(114 species). Phylogenetic analyses showed that this pyramidal motif is 
widespread, with little influence of group size or phylogeny. Furthermore, 
nine experiments conducted in France found that human adults (N = 120) 
and infants (N = 120) draw inferences about dominance relations that 
are consistent with hierarchies’ pyramidal motif. By contrast, human 
participants do not draw equivalent inferences based on a tree-shaped 
pattern with a similar complexity to pyramids. In short, social hierarchies 
exhibit a pyramidal motif across a wide range of species and environments. 
From infancy, humans exploit this regularity to draw systematic inferences 
about unobserved dominance relations, using processes akin  
to formal reasoning.

The distribution of social power and wealth in societies is often rep-
resented by pyramids1,2. In many institutions (for example, firms or 
states), the distribution of formal ranks, statuses and rewards is pyrami-
dal, with fewer individuals at the top than at the bottom3,4, sometimes 
in cases in which non-pyramidal organizations might yield better team 
performance5. While this pyramidal distribution could result entirely 
from historical contingencies in human societies, we argue that this 
hierarchical shape has a much deeper basis that goes back to the struc-
ture of social dominance networks.

We define dominance as a social relation in which dominant indi-
viduals tend to prevail when their goals conflict with those of their 
subordinates6,7. Social dominance relations are observed in a wide 
range of human and animal societies8,9. Dominant individuals pre-
dominantly control access to resources, typically through coercion 

but also through a variety of other strategies10–14. We also assume that 
social structures involve three individuals or more15.

The evolution of dominance hierarchies is linked to conflict avoid-
ance and resolution. Full-blown conflicts are extremely costly in many 
species, routinely leading to major injuries and even death. Thus, 
there is strong selective pressure for mechanisms lowering the costs 
of conflict16,17. Stable dominance relations, in which subordinates yield 
to dominant individuals, are hypothesized to function as a means of 
regulating resource access while avoiding costly conflicts10–12,18,19.

Under the hypothesis that dominance regulates conflicts over 
resources, triadic pyramids (one individual dominating two others 
who have no dominance relation between them) should be more fre-
quent than triadic trees (two individuals who have no dominance 
relation between them dominating a third individual), despite the 
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formal reasoning and does not appear to require teaching. Whereas 
transitive reasoning has been under intense research scrutiny, little is 
known about the capacity to draw inferences based on expectations 
about the pyramidal shape of a social structure. Here we tested the 
ability of human adults to infer relationships based on expectations 
about a pyramidal dominance structure and probed the ontogeny of 
this ability in human infants.

To summarize, this research aimed to investigate the pyramidal 
shape of dominance structures and its consequences for humans’ 
social inferences. Studies 1a and 1b analysed and compared the structure 
of dominance networks in children and in a large set of non-human 
species. These analyses revealed a consistent triadic-pyramidal motif 
across human and non-human hierarchies. Next, we investigated 
whether humans expect hierarchies to be pyramidal and infer novel 
dominance relationships accordingly. Three experiments (studies 2–4) 
revealed that human adults draw inferences consistent with a pyramidal 
dominance hierarchy. Six additional experiments demonstrated that 
such inferences are made by infants before any explicit teaching about 
hierarchies can occur (studies 5a, 5b, 6a, 6b, 7a and 7b).

Results
The triadic-pyramidal shape of hierarchies
We compared the relative frequency of triadic pyramids with that 
of triadic trees (two structures of equivalent complexity). If domi-
nance structures are predominantly pyramidal, then triadic pyra-
mids should be more frequent than triadic trees. Study 1a analysed 
the structure of children’s social hierarchies and compared them with 
patterns observed in non-human animals (hereafter, ‘animals’). For 
human data, we searched the literature for observations of conflict 
outcomes in children’s groups (20 groups; >5,900 interactions, mean 
group size = 13.85, range of each group mean age = 13–74 months). We 
used data on children because they result from ethological observa-
tion, just like animal data. For animal data, we used a large archive of 
agonistic interactions from multiple species50. Data from 113 animal 
species fulfilled our study’s inclusion criteria (298 groups; >166,241 
interactions, mean group size = 14.71; Methods). In study 1a, we grouped 
animal data by taxonomic category: primates, carnivores (Carnivora), 

two structures having similar complexities (Fig. 1a). In a triadic tree, 
multiple individuals occupy the top position and have the same prior-
ity regarding access to resources, creating an opportunity for conflict 
between the two dominant individuals whenever resources can be 
monopolized. By contrast, a triadic pyramid involves one dominant 
individual that can monopolize resources, leaving fewer opportuni-
ties for conflicts between subordinates. In short, triadic pyramids are 
better than triadic trees at regulating conflicts. Thus, if dominance 
mechanisms downregulate the costs of conflicts, they should favour 
the emergence of triadic pyramids at the expense of triadic trees. 
The conflict-regulatory hypothesis of dominance also explains other 
structural regularities of social hierarchies, such as dominance tran-
sitivity (Fig. 1b).

Dominance relations are characterized by their strong tendency 
to be transitive, and many dominance structures are completely  
linear8,20,21. Notwithstanding, other structural regularities have been 
observed in dominance hierarchies. In line with the conflict-regulatory 
hypothesis, animal hierarchies are sometimes pyramidal in shape, with 
one individual dominating over a group of subordinates22–26. Moreover, 
in many animal hierarchies, triadic pyramids are more frequent than 
in matched randomized networks27,28. There has been a long-standing 
debate on whether human and non-human hierarchies are similar and, 
if so, under what conditions14,29–32. Here we addressed this question via 
a comparison of human hierarchical structures with dominance data 
from multiple animal species and environments.

We also investigated the human capacity to infer unobserved 
dominance relations based on the assumption that they are likely to be 
pyramidal in shape. Given the importance of dominance relations to 
group organization, being able to map them in one’s own environment 
is crucial9,33–36. When an individual cannot directly observe interac-
tions, knowledge of a hierarchy’s shape is key to guiding inferences 
about social relations34,35,37–42. For instance, dominance relations tend 
to be transitive: if A dominates B and B dominates C, then it is likely 
that A dominates C20,34,43. Humans—adults and infants—and several 
animal species exploit this structural regularity to draw transitive 
inferences about unobserved dominance relationships44–49. This capac-
ity is remarkable because it involves spontaneous inferences akin to 
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Fig. 1 | Structural predictions based on the conflict-regulatory hypothesis. 
a, Overrepresentation of pyramids relative to trees. We posit that the cost of 
conflicts is downregulated more effectively by triadic pyramids than by triadic 
trees. Thus, if dominance mechanisms serve to lower the cost of conflicts, they 
should favour the emergence of dominance hierarchies showing a pyramidal 
motif, with an overrepresentation of triadic pyramids relative to trees.  
b, Overrepresentation of transitive structures relative to circular and chain 
triadic patterns. In a transitive structure (A > B, B > C, A > C), each individual has 
a distinct level of priority of resource access. Thus, as long as the dominance 
relations remain stable, conflict over resources is downregulated in this structure 
(B and C yield to A, and C also yields to B). By contrast, in a chain (A > B and B > C), 

the individuals at both ends of the chain (A and C) have the same level of priority 
of resource access, thus creating an opportunity for conflicts over resources. 
Similarly, in a circular structure (A > B, B > C, C > A), there is no way to determine 
which individual has priority for accessing resources based on dominance 
relationships (assuming that all individuals from the structure are co-present). 
This situation creates an opportunity for conflicts between all the individuals in 
the circular triad. In short, triadic transitive structures are better than circular 
structures and chains at reducing the number of conflicts. Thus, if dominance 
mechanisms downregulate the costs of conflicts, triadic transitive structures 
should be overrepresented in dominance networks, unlike circular and chain 
patterns.
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rodents (Rodentia), ungulates (Artiodactyla), birds (Passeriformes), 
social insects (Hymenoptera) and other species (Methods). We used 
data on the outcome of conflicts to generate dominance networks 
for each group. For each dyad, the individual who won conflicts more 
frequently was considered dominant, whereas the other individual 
was considered subordinate.

For each network, we computed the triadic-pyramidal metric 
(equation (1)), a normalized index of the amount of triadic pyramids 
relative to that of triadic trees.

Triadic-pyramidalmetric =
Npyramids

Npyramids + Ntrees
(1)

The average triadic-pyramidal metric was significantly higher 
than that predicted by chance in each taxonomic category (Fig. 2a, all 
P values < 0.05; see detailed statistics in Supplementary Tables 1–3), 
indicating that triadic pyramids are overrepresented in dominance 
networks.

Subsequently, we investigated whether the high triadic-pyramidal 
metric originated from excess triadic pyramids, scarce triadic trees or 
both. Observed frequencies of triadic patterns were compared with 
chance using simulations28,51–53. For each real network, we generated 
1,000 simulated networks, keeping the positions of edges (relation-
ships) and nodes (individuals) constant while randomizing the direc-
tion of dominance relations. The number of times each triadic pattern 
occurred per simulated network was counted. Next, we computed Z 
scores (equation (2)) measuring the relative abundance of each triadic 
pattern in a real network compared with their frequency in simulated 
networks.

Zi =
Nreali −Msimi

SDsimi
(2)

where Nreali is the frequency of pattern i in the observed real network 
and Msimi and SDsimi are the mean and standard deviation of the i 
frequency across simulated networks, respectively.

These Z scores were normalized to obtain significance profiles 
(equation (3)) for comparison across groups of different sizes51,54. A 
positive normalized Z score indicates that a pattern is more abundant 
in the real network than in the corresponding simulated networks, 
whereas a negative normalized Z score indicates the opposite.

NormalizedZi =
Zi

√Σ (zi2)
(3)

Simulation results confirmed the presence of a pyramidal motif. 
In line with previous research, this pattern was observed across a wide 
range of animal species22–28. Moreover, we found a comparable pyrami-
dal motif in children. Average normalized Z scores were significantly 
higher for triadic pyramids than for triadic trees in children and in 
animals (all P values < 0.05; Supplementary Table 2). Moreover, aver-
age normalized Z scores for triadic pyramids were significantly higher 
than chance for all taxonomic groups (all P values < 0.05; Fig. 2b and 
Supplementary Table 3). Thus, triadic pyramids are more abundant in 
real dominance networks than in comparable randomized networks. 
By contrast, average normalized Z scores for triadic trees did not differ 
significantly from chance in any group except rodents and ungulates, 
in which the Z scores were significantly below chance. Thus, the high 
triadic-pyramidal metric observed in children and animals results 
primarily from an overabundance of triadic pyramids. In rodents and 
ungulates, this is combined with an underabundance of triadic trees. 
Additional results also confirmed that dominance relations tend to be 
transitive (Extended Data Fig. 1).

In humans, dominance hierarchies are observable from infancy. 
Nonetheless, the way dominance is expressed and evaluated changes 
during childhood. For example, the tendency to favour subordinate 
individuals when allocating resources increases over the kindergarten 
years (ages 3–6)55–58. Thus, we ran an additional analysis to evaluate 
the effect of age in children. This complementary analysis showed no 
detectable effect of age on the overrepresentation of triadic pyramids 
in children’s dominance hierarchies (Supplementary Analysis).
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Fig. 2 | Assessment of pyramidal shape per taxonomic category (N = 318 
independent groups). a, Triadic-pyramidal metric. b, Normalized Z scores for 
triadic pyramids and triadic trees. Dashed grey lines represent chance (0.5). 
Red dots and error bars indicate means and bootstrapped 95% CIs. Vertical bars 
within boxes indicate medians, and boxes indicate the interquartile range. Right 
whiskers represent data up to 1.5 times the interquartile range above the third 

quartile, and left whiskers represent data up to 1.5 times the interquartile range 
below the first quartile. Each grey dot represents data from one social group. 
P values were assessed with two-tailed one-sample Wilcoxon tests and were 
corrected for multiple comparisons across taxonomic groups using the  
Holm–Bonferroni procedure. *P < 0.05; **P < 0.01; ***P < 0.001; ns, not significant.
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Study 1b used the same data as study 1a to evaluate whether domi-
nance hierarchies’ triadic-pyramidal motif is associated with shared 
evolutionary history. We used Bayesian models to assess the effect of 
group size and phylogeny on the triadic-pyramidal metric (Methods). 
One analysis focused on primates, including human children (36 spe-
cies, 100 groups; Extended Data Fig. 2), and another focused on all 
species in our dataset (110 species, 311 groups; Extended Data Fig. 3).

For each analysis, the triadic-pyramidal metric was the depend-
ent variable. We assessed model fit using the deviance information 
criterion (DIC). A tested model is considered a better fit when its DIC 
is smaller by a value of three or more than that of the reference null 
model59. Our analyses compared tested models including phylogeny 
or network size with a reference null model including only species as 
the random effect.

For the primate-only analysis, neither the model including phylog-
eny nor the one including network size outperformed the null model 
(ΔDIC = −0.78 and ΔDIC = 1.47). For the all-species analysis, the model 
including phylogeny was a worse fit than the null model (ΔDIC = 14.62), 
and the model including network size did not improve upon the null 
model (ΔDIC = 1.03). Thus, the triadic-pyramidal motif of dominance 
hierarchies is a widespread phenomenon and is not noticeably affected 
by group size or phylogenetic history.

We verified the results of these analyses with Pagel’s λ, a meas-
ure of phylogenetic signal that varies between 0 (phylogenetic inde-
pendence) and 1 (traits covary in direct proportion to species’ shared 
evolutionary history)60. Pagel’s λ estimates were close to zero both 
for the primate-only analysis (M = 0.096, mode = 0.018, 95% credible 
interval = 0.006–0.293) and for the all-species analysis (M = 0.184, 
mode = 0.094, 95% credible interval = 0.011–0.408).

Adults’ expectations about the shape of hierarchies
Next, studies 2–4 investigated whether human adults draw infer-
ences consistent with the pyramidal motif identified in studies 1a and 
1b. During the learning phase, participants memorized a network of 
social relations that included dominance and symmetric relationships 
(friendship in studies 2 and 3; enmity in study 4). We introduced sym-
metric relationships to promote participants’ generalization of domi-
nance relationships across individuals. Friendships are more likely to 
occur between individuals of similar social standing61. Moreover, ally 
networks are often organized hierarchically, and groups frequently 
dominate other groups37,62. Thus, dominance relations are more likely 
to generalize between individuals bound by a symmetric relationship 
such as friendship than between unrelated individuals.

Participants learned the relations one by one by receiving feedback 
on their answers to questions about the agents’ relations (Fig. 3; agents’ 
gender was counterbalanced across participants). The learning phase 
ended once the participants reached a learning criterion (Methods). 
During the test phase, participants had to infer novel dominance rela-
tions between individuals in the network. Participants received no 
feedback on the accuracy of their answers during this phase. We ana-
lysed inferences regarding novel dominance relations to determine 
whether they were consistent with a pyramidal motif.

In two pilot studies (studies 1a and 1b, Supplementary Methods and 
Results), we ensured that participants drew systematic inferences about 
novel dominance relations by generalizing dominance across friendships 
(for example, after learning that A dominated B, participants inferred 
that A’s friend dominated B’s friend). In studies 2 and 3, we investigated 
whether those inferences were consistent with a pyramidal shape. We 
compared inferences compatible with a triadic pyramid (pyramid con-
dition) with inferences compatible with a triadic tree (tree condition)  
(Fig. 4). For instance, we tested pyramidal inferences based on the 
assumption that for each known dominance relation, the dominant 
would dominate their subordinate’s friends. We also tested tree-based 
inferences based on the assumption that for each known dominance 
relation, a subordinate would be dominated by their dominant’s friend.

In studies 2–4, inference scores (the proportion of correctly 
inferred test trials) were calculated to assess participant performance. 
For each experiment with adults (studies 2–4), we ran a full-factorial 
analysis of variance (ANOVA) on inference scores with the following 
factors: condition (pyramid versus tree; within participants in study 2,  
between participants in studies 3 and 4), gender of names (female 
versus male; between participants) and phrasing used to convey domi-
nance (study 2 only: A dominates B versus B is dominated by A; between 
participants). These analyses were followed by one-sample t tests com-
paring average inference scores to chance (0.5; see detailed statistics 
in Supplementary Table 4).

In study 2, inference scores were significantly higher in the 
pyramid condition than in the tree condition (ANOVA, F1, 36 = 4.45, 
P = 0.042, ηp

2 = 0.11, 95% confidence interval (CI) = [0.02, 1]). Other 
effects revealed by the ANOVA run on study 2’s data are detailed in 
Supplementary Methods and Results. Inference scores were signifi-
cantly higher than those predicted by chance in the pyramid condi-
tion (t39 = 3.24, P = 0.005, d = 0.51, 95% CI = [0.19, 0.96]), but not in the 
tree condition (t39 = 0.68, P = 0.498, d = 0.11, 95% CI = [−0.20, 0.42])  
(Fig. 5b). Thus, participants inferred novel dominance relations fol-
lowing a triadic pyramid and not a triadic tree.

Whereas study 2 tested the most likely inferences given the same 
initial social structure, study 3 examined whether drawing pyramidal 
or tree-based inferences would cause participants to preferentially 
infer a given social structure. Study 3 was identical to study 2, with a 
few exceptions (Methods). Crucially, in study 3, the final structure in 
the test phase was identical across conditions (Fig. 5a), whereas the 
initial structure in the learning phase differed across conditions. Initial 
structures were designed so that final structures could be inferred 
through pyramidal inferences in the pyramid condition and tree-based 
inferences in the tree condition (Fig. 4, (iii)).

For study 3, inference scores were significantly higher in the pyra-
mid condition than in the tree condition (ANOVA, F1, 36 = 13.99, P < 0.001, 
ηp

2 = 0.28, 95% CI = [0.09, 1]) and the ANOVA revealed no other signifi-
cant effects. Inference scores were significantly higher than those pre-
dicted by chance in the pyramid condition (Fig. 5b; t19 = 2.95, P = 0.016, 
d = 0.66, 95% CI = [0.27, 1.11]) and significantly lower than chance in the 
tree condition (t19 = −2.31, P = 0.032, d = −0.52, 95% CI = [−1.43, −0.03]). 
Thus, study 3 confirmed that adults prioritize pyramidal inferences 
over tree-based inferences.

Study 4 assessed whether pyramidal inferences could be used to 
generalize dominance relations across enmity social relations. Similar 
to friendship, enmity relationships cue some proximity in dominance 
because they imply that enemies are engaged in an unresolved conflict 
and can thwart each other’s goals63. Thus, enmity relations are less likely 
to occur between individuals that are far apart in dominance status 
than between those that are close in dominance status.

Study 4 was identical to study 3, except that friendships were 
replaced with enmity relations (Fig. 5a). The results of study 4 con-
firmed those of study 3. Again, inference scores were significantly 
higher in the pyramid condition than in the tree condition (ANOVA,  
F1, 36 = 14.51, P < 0.001, ηp

2 = 0.29, 95% CI = [0.1, 1]), and no other signifi-
cant effects besides condition were revealed by the ANOVA. Addition-
ally, inference scores were significantly higher than those predicted by 
chance in the pyramid condition (Fig. 5b; t19 = 3.43, P = 0.006, d = 0.77, 
95% CI = [0.44, 1.25]), but not in the tree condition (t19 = −1.80, P = 0.088, 
d = −0.40, 95% CI = [−0.97, 0.04]). Thus, studies 3 and 4 indicated that 
humans generalized dominance relations in accordance with a pyrami-
dal pattern across two distinct types of symmetric relations (friendship 
and enmity). Participants systematically drew pyramidal inferences 
about dominance, but not comparable tree-based inferences.

Infants’ expectations about the shape of hierarchies
Studies 2–4 showed that human adults draw inferences consistent with 
the triadic-pyramidal shape of dominance structures. The subsequent 
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experiments (studies 5a, 5b, 6a, 6b, 7a and 7b) tested human infants. Their 
goal was to investigate whether expectations about the pyramidal shape 
of hierarchies are intuitive and emerge in the absence of formal train-
ing. The work capitalized on previous research on infants’ capacity to 
extract information about social relations44,46,64–84.

In studies 5a, 5b, 6a, 6b, 7a and 7b, we used looking time to test 
infant inferences of novel dominance relations, building on the 
well-known tendency of infants to look longer at events that they 
find unexpected or hard to process85,86. We tested 14-month-old 
infants because, by this age, infants’ capacity to process informa-
tion about dominance44,66,68,69,73,75 and alliance78–81,83,84 relations is 

well established. We familiarized infants with movies designed to 
convey information about a set of relations between four schematic 
agents (A, B, C and D), which were represented by 2D geometrical 
shapes with eyes, similar to many studies on social cognition in  
infants46,66,71,73–75,80,87–90. During the test phase, we assessed the infants’ 
expectations of an unobserved dominance interaction. Studies 5a 
and 5b tested whether the infants generalized dominance across 
allies. Studies 6a, 6b, 7a and 7b tested whether their generalizations 
were consistent with the pyramidal motif observed in dominance 
networks (Fig. 6a).

In studies 5a, 6a and 7a, the infants were familiarized with events 
designed to convey that A and B were allies, C and D were allies and A 
dominated C (Methods and Supplementary Video 1). The allies took 
turns reacting to each other, approached, moved together along the 
same path and stayed in close spatial proximity (Fig. 6b). Next, one 
member per pair competed to occupy a small marked area at the centre 
of the screen (Fig. 6d). One of the competing agents eventually suc-
ceeded in monopolizing access to the area (henceforth the dominant), 
pushing away the other agent (henceforth the subordinate).

Next, infants watched two test videos assessing their inferences 
about the dominance relations between two agents that were not shown 
to compete. The identities of the competing agents varied across the 
experiments. For instance, because study 5a tested the capacity to 
generalize dominance across sets of allies, the test videos in study 
5a showed the dominant agent’s ally competing against the subordi-
nate agent’s ally. The dominant’s ally prevailed in the coherent events, 
whereas the subordinate’s ally prevailed in the incoherent events (Sup-
plementary Video 2). Once the competition ended, the screen froze and 
we measured looking time. For study 5a, the infants were predicted to 
expect the dominant’s ally to prevail over the subordinate’s ally and, 
thus, to look longer at the incoherent events.

As controls for studies 5a, 6a and 7a, studies 5b, 6b and 7b tested the 
role of alliances in guiding how infants generalized dominance rela-
tions. The controls were identical to their respective studies, except 
that alliance information was made more ambiguous by changing the 
timing of actions (Supplementary Videos 3 and 4 and Fig. 6c). In the 
three controls, each agent responded to and moved along the same path  
as its partner agent located at the opposite corner of the screen, but also 
approached the agent on the same side of the screen and remained in 
close proximity. Thus, the control familiarization video did not convey 
that there were two distinct groups of allies.
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For each pair of these studies (5a and 5b, 6a and 6b, and 7a and 7b), 
we ran a two-way ANOVA on log-transformed looking time. Independ-
ent variables were test coherence (coherent versus incoherent; within 
participants) and study (5a versus 5b, 6a versus 6b, 7a versus 7b; between 
participants). These analyses were followed by tests for matched pairs 
(see detailed statistics in Supplementary Table 5).

In studies 5a and 5b, infants looked longer at incoherent than coher-
ent test events (ANOVA, F1, 38 = 4.80, P = 0.035, ηp

2 = 0.11, 95% CI = [0, 1]).  
The interaction between coherence and study was also significant 
(F1, 38 = 5.93, P = 0.020, ηp

2 = 0.13, 95% CI = [0.01, 1]), revealing that the 
infants responded to situations differently, depending on the study. 
The infants in study 5a looked significantly longer at the incoherent 
test events than at the coherent ones (Fig. 7a; t19 = −3.12, P = 0.011, 
d = −0.70, 95% CI = [−1.11, −0.35]), implying that they expected the 
dominant’s ally to prevail over the subordinate’s ally. Conversely, the 
infants in study 5b did not differ in looking time between incoherent and 
coherent events, as expected when alliances were ambiguous (Fig. 7a; 
t19 = 0.180, P = 0.858, d = 0.04, 95% CI = [−0.46, 0.48]). Thus, information 

about alliances shaped infants’ generalization of dominance relations 
across individuals.

Next, studies 6a and 6b investigated whether infant inferences 
in studies 5a and 5b were consistent with a triadic-pyramidal motif  
(Fig. 6a). These studies followed the same procedures as studies 5a 
and 5b, except that in the test videos of studies 6a and 6b, the dominant 
agent competed with the subordinate’s ally (Supplementary Video 5). 
The dominant agent prevailed in the coherent test, whereas the ally of 
the subordinate agent prevailed in the incoherent test. Thus, studies 
6a and 6b tested whether infants generalize dominance according to a 
triadic-pyramidal pattern.

In studies 6a and 6b, the interaction between test coherence and 
study was significant (ANOVA, F1, 38 = 6.03, P = 0.019, ηp

2 = 0.14, 95% CI = 
[0.01, 1]). Thus, infants responded differently to events depending on 
the study. In study 6a, infants looked significantly longer at incoherent 
than at coherent test events (Fig. 7b; t19 = −3.29, P = 0.008, d = −0.74, 
95% CI = [−0.87, −0.29]), indicating an expectation that the dominant 
agent will prevail over the ally of its subordinates (pyramidal inference). 
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Fig. 5 | Network structures and results of studies 2–4. a, Schematic 
representation of social networks used in studies 2–4, per condition (pyramid 
versus tree). Each arrow represents a dominance relation (pointing towards the 
subordinate agent). Lines represent friendships (‘+’ on top) or enmity relations 
(‘−’ on top). Solid lines represent relations that participants memorized during 
the learning phase. Dashed lines represent novel relations for inference during 
the test phase, with the arrow direction representing a correct answer when 
computing inference scores. Note that participants never saw these graphical 
representations of social networks; they received information about relations 
one by one in a written format (Fig. 3). b, Inference scores across studies 2–4 
(N = 40 per study). The dashed grey line represents chance (0.5). Red dots and 
error bars indicate means and bootstrapped 95% CIs, respectively. Horizontal 
bars within boxes indicate medians, and boxes indicate the interquartile 

range. Upper whiskers represent data up to 1.5 times the interquartile range 
above the third quartile, and lower whiskers represent data up to 1.5 times the 
interquartile range below the first quartile. Grey dots are individual data points. 
The effect of condition (pyramid versus tree) on inference scores was assessed 
using two-tailed full-factorial ANOVAs on inference scores with the following 
factors: condition (pyramid versus tree; within participants in study 2, between 
participants in studies 3 and 4), gender of names (female versus male; between 
participants) and phrasing used to convey dominance (study 2 only;  
A dominates B versus B is dominated by A; between participants). For each study, 
P values for comparisons of inference scores against chance were assessed using 
two-tailed one-sample t tests and were corrected for multiple comparisons 
across conditions using the Holm–Bonferroni procedure. *P < 0.05, **P < 0.01, 
***P < 0.001.
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coherence and study were assessed using full-factorial two-tailed ANOVAs on log-
transformed looking time with test coherence (coherent versus incoherent) as a 
within-participant variable and study (5a versus 5b, 6a versus 6b, 7a versus 7b) as a 
between-participant variable. For each study, P values for the effect of coherence 
on looking time were assessed using two-tailed t tests for matched pairs and were 
corrected for multiple comparisons across pairs of studies (studies 5a and 5b, 
6a and 6b, 7a and 7b) using the Holm–Bonferroni procedure *P < 0.05, **P < 0.01, 
***P < 0.001.
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Additionally, test coherence had no detectable effect on looking time 
in study 6b (Fig. 7b; t19 = 0.99, P = 0.334, d = 0.22, 95% CI = [−0.08, 0.72]), 
confirming the role of alliances in guiding infant generalization of 
dominance relations.

We then tested whether infants drew comparable inferences when 
the resulting network was tree-like in studies 7a and 7b (Fig. 6a). Whereas 
generally following the same procedures as studies 6a and 6b, studies 7a 
and 7b differed in showing test videos with the subordinate competing 
against the dominant’s ally (Supplementary Video 6). The subordinate 
agent prevailed in the incoherent events and yielded in the coherent 
events. If infants expect pyramidal social hierarchies, they should not 
make inferences that accord with a triadic tree. Thus, we expected 
null findings in studies 7a and 7b. As predicted, the two-way ANOVA 
revealed no significant effects. Moreover, follow-up analyses revealed 
no significant effect of test coherence on infants’ looking time (Fig. 7c 
and Supplementary Table 5). Thus, infants showed no detectable ten-
dency to draw tree-based inferences about dominance relationships.

Discussion
Our studies demonstrated that dominance structures exhibit a 
triadic-pyramidal motif across a wide range of species (including 
humans) with very different cognitive abilities, ecologies and social 
environments. Moreover, the overrepresentation of pyramidal triads 
is widespread and relatively independent of group size and phylogeny. 
This structural pattern is understandable when considering that domi-
nance relationships plausibly regulate costs associated with resource 
competition10–12,18,19.

Study 1a confirms that transitive triads are also overrepresented 
in dominance hierarchies (Extended Data Fig. 1), in line with the litera-
ture8,14,20. Note that the overrepresentation of triadic pyramids and that 
of transitive structures are not opposing phenomena. Instead, they cor-
respond to two distinct cases: pyramids are predominant for triads with 
two relationships, and transitive structures are predominant for triads 
with three relationships. Furthermore, both phenomena are consistent 
with the hypothesis that social dominance serves to regulate the costs 
associated with competition for resources. Among the possible triadic 
structures, pyramids and transitive triads better regulate conflict over 
resources than comparable equivalent structures (Fig. 1).

There is also some complementarity between pyramidal and tran-
sitive triads. Indeed, a high frequency of triadic pyramids may contrib-
ute to the emergence of transitive structures. As Fig. 8 shows, when a 
third relation is added to a triadic pyramid, the resulting structure is 
necessarily transitive91,92. Note, however, that the overrepresentation 
of triadic pyramids relative to trees cannot be explained by their likeli-
hood to turn into transitive structures. Actually, the probabilities of 
transforming a pyramid or a tree into a transitive structure by adding 
a third relation are identical (Fig. 8).

The triadic-pyramidal motif of dominance hierarchies opens 
up many questions about the proximal mechanisms supporting its 
emergence. The same structural regularity can be underpinned by a 
wide variety of proximal mechanisms, which sometimes differ across 
species and environments. For instance, dominance transitivity can 
emerge through individual and social attributes, spatial organization, 
social dynamics or social learning14. The overrepresentation of triadic 
pyramids in hierarchies, just like dominance transitivity, might result 
from several proximal mechanisms. Our hypothesis predicts an over-
representation of pyramids compared with triadic trees. Structurally, 
this hypothesis can be implemented in two non-mutually exclusive 
ways. Triadic pyramids might be (1) more stable than trees and (2) more 
likely to emerge. Each of these two structural phenomena can result 
from a variety of proximal factors.

For example, triadic pyramids might be more stable than triadic 
trees as a result of simple social dynamics. In a triadic tree, two indi-
viduals occupy the top position and have the same priority of resource 
access, creating an opportunity for conflicts to arise between the two 

dominant individuals whenever resources can be monopolized. This 
may eventually result in instability because these conflicts can gener-
ate novel dominance relations that alter the hierarchical structure. 
By contrast, a triadic pyramid involves one dominant individual that 
can monopolize resources, leaving fewer opportunities for conflicts 
between subordinates, thus making triadic pyramids comparatively 
more stable than triadic trees.

Similarly, several mechanisms could make triadic pyramids more 
likely to emerge than triadic trees, and one of these may be the result 
of individual attributes. For instance, if there is a correlation between 
individuals’ competitive ability and aggression, dominant individ-
uals might be more likely to engage in contests than lower-ranked 
individuals, thus making triadic pyramids more likely to appear than 
triadic trees. Moreover, we observed that humans (adults and infants) 
draw inferences consistent with the triadic-pyramidal shape of hier-
archies. Thus, in humans, social learning by bystanders could make 
triadic pyramids more likely to emerge than triadic trees. In short, the 
study of the set of proximal mechanisms supporting the emergence 
of triadic-pyramidal hierarchies is very much open, making for an 
important question of future research.

If human expectations about the shape of dominance struc-
tures are generally accurate, they should be consistent with the 
triadic-pyramidal motif of hierarchies. Previous studies have robustly 
demonstrated that human adults and infants expect dominance rela-
tions to be transitive and infer novel relations accordingly44,46,48,49. We 
find that humans also draw comparable inferences based on a pyrami-
dal shape. Human adults inferred novel dominance relations when 
they were consistent with a triadic pyramid, but not when they were 
consistent with a triadic tree (studies 2–4). These results are all the more 
remarkable given that triadic pyramids and triadic trees have identical 
elements and equivalent complexities. Research suggests that adults 
find hierarchies easy to process49,93 and that they can rapidly determine 
dominance relations between individuals94,95 or groups96. Our data 
demonstrate how expectations about pyramidal structures contribute 
to the speed and efficiency of processing dominance relations.
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Fig. 8 | Transition probability graph for triadic structures with two or 
three relations. Each solid arrow represents a dominance relation (pointing 
towards the subordinate agent). Dashed arrows represent transitions from one 
structure to another. Numbers next to dashed arrows represent the transitional 
probabilities for transforming one structure into another. We consider two cases: 
adding a relation with a randomly chosen direction (+1 relation) and randomly 
deleting one relation in the structure (−1 relation). Triadic pyramids and trees 
stand in comparable relations with transitive structures in this graph. When 
a third relation is added to a triadic pyramid or to a triadic tree, the resulting 
structure is necessarily transitive (P = 1), irrespective of whether the relation goes 
from left to right or from right to left. Moreover, randomly pruning one relation 
from a triadic transitive structure is equally likely to yield a pyramid or a tree 
(P = 1/3 in both cases).
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Like logical inferences, the pyramidal inferences that we observed 
rely on a sensitivity to the structural organization of multiple rela-
tions. Indeed, participants’ inferences were shaped by the organiza-
tion of relations within networks in studies 2–4. Relying on formal 
structural regularities allows learners to infer outcomes across a wide 
variety of situations, independent of how social relations are expressed 
behaviourally34,97,98. However, pyramidal inferences in our experiments 
exhibit an important departure from logical inferences. In classic 
logic, inferences are necessary: if the premises supporting an infer-
ence are true, then the conclusion is necessarily true. By contrast, the 
pyramidal inferences that we studied appear probabilistic (that is, if 
A dominates B, and B is a friend of C, then it is likely that A dominates 
C, but not necessarily).

Children form dominance relationships99 and dominance hierar-
chies100–102 before 2 years of age. Our data indicate that by 14 months 
of age, humans have expectations about the pyramidal shape of hier-
archies. In our studies, infants successfully generalized dominance 
relations across sets of allies (studies 5a and 5b), making inferences 
consistent with a pyramidal shape (studies 6a and 6b) and not with a 
tree-like shape (studies 7a and 7b). Moreover, information about alli-
ances was crucial to these inferences, as the infants showed no tendency 
to infer novel dominance relations when alliances were ambiguous. Our 
results thus dovetail with those of other studies showing that infants 
combine information from two distinct relational domains: alliances 
and dominance70,71.

Discovering the structure of dominance hierarchies poses sub-
stantial cognitive challenges for individuals within them because 
structural regularities are unlikely to be observed directly. Instead, a 
learner typically witnesses interactions between individuals that are 
then used to infer social relations which are themselves organized into 
structures. Moreover, relationship networks can theoretically form 
a very large number of shapes. Thus, discovering structural forms 
requires navigating a vast hypothesis space103,104. Our data indicate 
that expectations about the pyramidal shape of dominance hierarchy 
guide the navigation of social structures from infancy and onwards, 
emerging spontaneously in humans without formal training or explicit 
teaching. Importantly, our data do not allow us to determine whether 
the capacity to draw pyramidal inferences has ancient phylogenetic 
origins. Thus, whether animal species engage in pyramidal inferences 
comparable to those that we observed in humans is another important 
question for future research.

In conclusion, our data showed that the triadic-pyramidal struc-
ture of dominance hierarchies is widespread across a wide range of 
species including humans, with little detectable influence of phylogeny. 
From infancy, humans form expectations about the triadic-pyramidal 
shape of hierarchies and rely on them to infer unobserved dominance 
relations. These results contribute to explain why pyramids are fre-
quently used to organize and represent hierarchies in human societies.

Methods
This research was approved by an independent ethical committee (CPP 
Sud-Est II, IRB: 00009118). All adult participants and infants’ caregivers 
gave their written informed consent prior to the inclusion of the par-
ticipants in the studies (except for studies 1a and 1b, which relied on data 
openly accessible from the literature). Adults enrolled in studies 2–4 
received €10 as compensation for their participation. Families enrolled 
in studies 5a, 5b, 6a, 6b, 7a and 7b received no financial compensation but 
were given a ‘little scientist diploma’ as a thank you gesture. The studies 
reported in this manuscript were not pre-registered.

Studies 1a and 1b

Datasets. Human data were obtained from a Google Scholar search 
performed in April 2021, using the following query: “social dominance 
matrix children”. We then screened for all studies that reported system-
atic data on randomly sampled, naturally occurring conflicts (physical 

attack, threat or competition) between children in daycare centres (15 
distinct groups). We also opportunistically added as many datasets 
as possible (five additional distinct groups). Studies were included if 
they reported data that showed either who won each of the observed 
conflicts or dominance relationships (that is, which individual won 
more conflicts in a dyad). A priori, we planned to use only data collected 
at the first time point for articles reporting longitudinal data from 
the same group. However, none of the studies retained in our analysis 
reported longitudinal data on children’s dominance networks. The final 
dataset included dominance networks from 20 groups of children (see 
metadata in Supplementary Table 6).

Animal data were obtained from DomArchive, a large database of 
agonistic interactions in multiple species50. We excluded networks in 
which all individuals were directly connected by dominance relations 
because triadic pyramids and triadic trees cannot occur in such net-
works (80 networks). When repeated measurements were reported 
for the same group of animals, we kept only the first reported measure 
in the analysis (48 networks). Taxonomic categories were generated by 
grouping networks from orders with 16 networks or more: Primates (81 
networks), Carnivora (38 networks), Rodentia (53 networks), Artiodac-
tyla (38 networks), Passeriformes (29 networks) and Hymenoptera (17 
networks). Animals belonging to an order with fewer than 16 networks in 
our database were pooled together in the ‘other’ category (50 networks).

Preprocessing. Raw interaction data on conflict outcome were used 
to create dominance matrices. For each dyad per group, the individual 
that won the majority of conflicts was considered dominant, whereas 
the other individual was considered subordinate. In dominance matri-
ces, the dominant was assigned a row of 1 and the subordinate, a row of 
0. If two individuals won the same number of conflicts or were never 
observed interacting, each received 0 in their respective rows. For 
a subset of included studies, data were only available as dominance 
matrices (directly reporting which individual per dyad won most 
conflicts). In these cases, we directly extracted information from the 
dominance matrices.

We converted dominance matrices into dominance networks, in 
which nodes represented individuals and edges represented directed 
dominance relationships. Each dominant–subordinate relation-
ship in the matrix was considered an asymmetric dyad in the corre-
sponding network. For each dominance network, we counted the 
frequency of the five triadic patterns with two or three asymmetric 
edges (triadic-pyramid, triadic-tree, chain, transitive and circular 
patterns; Fig. 1). Statistical analyses were based on the distribution of 
triadic patterns.

Phylogenetic analyses. In study 1b, we used Bayesian phylogenetic 
models to estimate the effects of group size and relatedness on the 
triadic-pyramidal metric. We used the ‘10KTrees’ phylogeny to esti-
mate relatedness among primates105 and a consensus tree from the 
Open Tree of Life (v.13.14, https://tree.opentreeoflife.org/about/
synthesis-release/v13.4) to estimate relatedness among all species. Spe-
cies absent from these phylogenies were excluded from the analyses 
for this experiment (primates: Cercocebus sanjei; all species: Sus scrofa, 
Pachycondyla spp., Eulemur fulvus, Gorilla gorilla, Pan troglodytes).

When necessary, the phylogeny was made ultrametric, using 
non-negative least squares106, then transformed into an inverted 
phylogenetic covariance matrix using the algorithm of Hadfield and 
Nakagawa107. This covariance matrix was added as a random effect 
in Bayesian phylogenetic mixed models, with the triadic-pyramidal 
metric as the dependent variable. We used uninformative priors  
(V = 1, nu = 0.002 (ref. 108)) with 13,000 iterations and a burn-in of 3,000.

Three models were compared: null (including only the random 
effects of species), phylogeny (including the random effects of species 
and phylogeny) and group size (including the random effects of species 
and the fixed effect of group size).
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Studies 2–4
Participants. The analysis included 120 participants across studies 
2–4 (Mage = 22.88 years; range = 18–34 years; 65 women, N = 40 per 
study). The participants were recruited by sending announcements on 
several cognitive science mailing lists distributed in the Lyon area and 
by advertising the study on social media. All adult participants gave 
their written informed consent prior to their inclusion in the studies. 
The participants were randomly assigned to studies and conditions. 
Pyramid and tree conditions were tested within participants in study 2  
and between participants in studies 3 and 4. See Supplementary Meth-
ods and Results for details on sample-size justification, mean age and 
age range per condition and study, and participant exclusion.

Materials and procedure. Data were collected in France between 
March 2017 and June 2018. Participants were seated approximately 
70 cm from a 19 in LCD monitor and responded using an AZERTY key-
board. Stimuli were presented on the monitor using MATLAB R2015b 
and the Psychophysics Toolbox109. Experimenters were not blinded to 
the conditions, but they were not present in the testing room during 
the experiments. Before the experiment, participants received instruc-
tions indicating that they would be learning about social relationships 
among eight individuals and partook in a brief warm-up (Supplemen-
tary Methods and Results). Next, participants were enrolled in the 
learning and test phases.

Learning phase. Participants memorized a set of social relations 
between individuals represented by first names (solid lines in Fig. 5a). 
During each trial, a question about dyadic social relations appeared on 
the screen (for example, “Who dominates?” for dominance relations; 
“Who is [name]’s friend?” for friendships; “Who is [name]’s enemy?” for 
enmity). After a 1.5 s post-trial onset, two names appeared below the 
question, one on each side of the screen. Participants were instructed 
to select one of the two options within 5 s by pressing the right or left 
arrow on the keyboard. For dominance relations, participants chose 
between the name of a dominant individual and that of its subordinate. 
For friendship and enmity, participants chose between the name of the 
friend or enemy of the individual in the question and a name randomly 
selected from other individuals in the structure. Timeouts were treated 
as incorrect answers. Immediately after a response or 5 s elapsed, 
feedback appeared on the screen for 5.5 s and the trial ended. Feed-
back indicated whether responses were “True” or “False” and stated 
the correct answer (for example, “[name 1] dominates [name 2]” for 
dominance, “[name 1] is [name 2]’s friend” for friendships and “[name 
1] is [name 2]’s enemy” for enmity). Trials were presented in blocks, 
with one trial per relation memorized for each block. Participants 
could take a brief break between blocks. The learning phase ended 
once participants correctly answered in all trials of a block.

Test phase. Participants answered questions about the relations 
memorized during the learning phase (filler trials) and about novel 
dominance relations (test trials). Filler and test trials were similar to 
learning-phase trials, except that participants did not receive feedback 
and there was no time limit. The test phase included two blocks, with 
one trial per relation in each block (seven filler and six test trials in 
study 2, ten filler and six test trials in studies 3 and 4; Fig. 5a). For further 
details, see Supplementary Methods and Results.

Studies 5a, 5b, 6a, 6b, 7a and 7b

Participants. For these experiments, we included 120 healthy, 
full-term, 14-month-old infants in the analysis (Mage = 431 days;  
range = 389–468 days; 58 girls, N = 20 per condition in each study). The 
infant participants were recruited by sending letters to a randomly 
selected sample of children born in two large French cities (Lyon and 
Paris). The parents of all participants gave their written informed 
consent prior to their inclusion in the studies. The participants were 

randomly assigned to studies and conditions. See Supplementary 
Methods and Results for details on sample-size justification, mean 
age and age range per condition and study, and participant exclusion.

Materials and procedure. Data were collected in France between 
February 2017 and March 2022. A hidden camera mounted above the 
screen recorded infants’ looking behaviour. Caregivers were instructed 
to close their eyes to avoid caregiver interference. Apart from the 
infants’ caregivers, and the infants themselves, no one else was pre-
sent in the testing room during the experiment. Experimenters were 
not blinded to the conditions, but monitored the experiment from a 
separate room. During the experiment, infants watched 2D animations 
generated using Synfig Studio (v.1.0). These animations involved four 
geometrical figures with eyes (representing agents): a blue square, a 
green circle, a red triangle and a yellow star. At the centre of the screen, 
brown lines and a triangle formed a marked area shaped like a house. 
The marked area could hold only a single agent.

In studies 5a, 6a and 7a, infants first watched four 7 s warm-up videos 
showing each of the agents alone, moving towards the centre of the 
marked area and staying there motionless for 2 s; this conveyed the 
agents’ aim of occupying the marked area. Next, four familiarization 
videos showed interactions between the agents (named here A, B, C 
and D), which were designed to convey that A and B were allies, C and 
D were allies and A dominated C. The videos used cues validated in pre-
vious studies46,66,68,80,81,110,111. Long (22 s) and short (13 s) versions of the 
familiarization videos were used to alleviate boredom (Supplementary 
Video 7). In the long familiarization videos, alliances were conveyed by 
showing pairs of agents taking turns oscillating and emitting sounds 
(responding to each other), approaching each other, moving together 
along the same circular path and staying next to each other (Fig. 6b).

Dominance relations were conveyed by showing two agents com-
peting to occupy the marked area at the centre of the screen (Fig. 6d). 
The dominant agent succeeded in pushing out the subordinate agent 
and occupying the marked area thrice in each familiarization video. The 
short familiarization videos were identical to the long ones, except that 
the agents did not move together along a circular path. The familiariza-
tion videos were shown in the following order: long, short, short, and 
long. Next, infants watched two test movies probing their inferences 
about a novel dominance relation.

The test movies were identical to the short familiarization vid-
eos, except for the identity of the two competing agents. In study 5a, 
the dominant’s ally competed with the subordinate’s ally. In study 6a, 
the dominant competed with the subordinate’s ally. In study 7a, the 
subordinate competed with the dominant’s ally. In movies showing 
coherent test events, the dominant agent or its ally prevailed. In mov-
ies showing incoherent test events, the subordinate agent or its ally 
prevailed. Once the competitive interaction was over, the screen froze 
and we measured looking time up to the point infants looked away 
for > 2 s or after 45 s had elapsed since the measurement began. Each 
participant watched a coherent and incoherent test event (the order of 
presentation was counterbalanced across participants). We counterbal-
anced across participants whether each given test movie was used as 
a coherent test event or as an incoherent test event, thus controlling 
for any effect of agents’ shapes on infant behaviours during the test 
phase (see details about counterbalanced factors in Supplementary 
Methods and Results).

Studies 6b, 7b and 8b were identical to studies 6a, 7a and 8a, respec-
tively, except that we made information about alliances ambiguous 
by modifying the order of the agents’ movements (Fig. 6c). Each agent 
interacted with the agent located at the opposite corner of the screen 
by taking turns oscillating and emitting sounds, then moving together 
along the opposite circular path. However, each agent also approached 
and stayed next to the agent located on its own side of the screen. When 
reporting the results of studies 6b, 7b and 8b, we labelled “coherent” 
the test events in which the dominant agent or the agent located on 
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the dominant agent’s side prevailed; we labelled “incoherent” the test 
events in which the other agents prevailed. See Supplementary Meth-
ods and Results for additional details regarding procedures and coding.

Analysis. Data were preprocessed and analysed with R (v.4.1.0) and R 
studio (v.1.4.1717), using the following packages: tidyverse (v.2.0.0), 
rcompanion (v.2.4.1), rstatix (v.0.7.2), afex (v.1.0.1), rotl (v.3.0.12), 
datelife (v.0.6.1), MCMCglmm (v.2.33), phytools (v.1.0.3), phylobase 
(v.0.8.10) and phylosignal (v.1.3). All significance tests were two tailed, 
and P values were corrected for multiple comparisons using the Holm–
Bonferroni procedure. All 95% CIs reported were bootstrapped using 
1,000 samples. To better approximate a normal distribution, infant 
looking-time data were log transformed112. However, descriptive sta-
tistics and plots feature untransformed looking-time data to ease 
interpretation.

Reporting summary
Further information on research design is available in the Nature Port-
folio Reporting Summary linked to this article.

Data availability
All data are available at https://doi.org/10.17605/OSF.IO/PK7BG.

Code availability
All analysis scripts are available at https://doi.org/10.17605/OSF.IO/
PK7BG.
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Extended Data Fig. 1 | Normalized z-scores per triadic pattern and category 
(N = 318 independent groups). We computed normalized z-scores for basic 
patterns that can occur in a dominance structure: triadic pyramids, triadic trees, 
chains, transitive triads, and circular triads. Data reveal a pyramidal motif, with 
an overrepresentation of pyramids in all taxonomic groups. The results also 
confirm that dominance relations tend to be transitive in all taxonomic groups, 
with an overrepresentation of transitive structures and an under-representation 
of chains and circular structures. Red dots and error bars indicate means and 

bootstrapped 95% CIs; vertical bars within boxes indicate medians, and boxes 
indicate the interquartile range; right whiskers represent data up to 1.5 times 
the interquartile range above the third quartile, and left whiskers represent data 
up to 1.5 times the interquartile range below the first quartile; Each grey dot 
represents data from one social group. P values were assessed with two-tailed 
one-sample Wilcoxon tests, and were corrected for multiple comparisons across 
taxonomic categories using the Holm-Bonferroni procedure. * p < .05, **p < 0.01, 
***p < 0.001, ns: non-significant.
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Extended Data Fig. 2 | Average triadic pyramidal metric per species organized by phylogeny for primates species only (36 species, 100 groups). We used the 
“10kTrees” phylogeny to estimate relatedness among primates105.
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Extended Data Fig. 3 | Average triadic pyramidal metric per species organized by phylogeny for all species (110 species, 311 groups). We used a consensus tree 
from the Open Tree of Life (v.13.14, https://tree.opentreeoflife.org/about/synthesis-release/v13.4) to estimate relatedness among species.
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Statistics
For all statistical analyses, confirm that the following items are present in the figure legend, table legend, main text, or Methods section.

n/a Confirmed

The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement

A statement on whether measurements were taken from distinct samples or whether the same sample was measured repeatedly

The statistical test(s) used AND whether they are one- or two-sided 
Only common tests should be described solely by name; describe more complex techniques in the Methods section.

A description of all covariates tested

A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons

A full description of the statistical parameters including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient) 
AND variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)

For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted 
Give P values as exact values whenever suitable.

For Bayesian analysis, information on the choice of priors and Markov chain Monte Carlo settings

For hierarchical and complex designs, identification of the appropriate level for tests and full reporting of outcomes

Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated

Our web collection on statistics for biologists contains articles on many of the points above.

Software and code
Policy information about availability of computer code

Data collection For Studies 2-4, stimuli were presented using MATLAB R2015b and the Psychophysics Toolbox (v.3.0.11). For Studies 5ab-7ab, stimuli were 
generated with Synfig Studio (v.1.0) and presented using Keynote(v.12.2). For Studies 5ab-7ab, data were coded using Anvil (v.5). For the 
other studies, no software was used for data collection.

Data analysis Data were preprocessed and analyzed with R (v.4.1.0) and R studio (v.1.4.1717), using the following packages: tidyverse (v.2.0.0), rcompanion 
(v.2.4.1), rstatix (v.0.7.2), afex (v.1.0.1), rotl (v.3.0.12), datelife (v.0.6.1), MCMCglmm (v.2.33), phytools (v.1.0.3), phylobase (v.0.8.10), and 
phylosignal (v.1.3). The analysis codes are shared publicly on OSF (https://doi.org/10.17605/OSF.IO/PK7BG).

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and 
reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Portfolio guidelines for submitting code & software for further information.
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Data
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All manuscripts must include a data availability statement. This statement should provide the following information, where applicable: 
- Accession codes, unique identifiers, or web links for publicly available datasets 
- A description of any restrictions on data availability 
- For clinical datasets or third party data, please ensure that the statement adheres to our policy 

 

All data are publicly available on OSF (https://doi.org/10.17605/OSF.IO/PK7BG).  For the structural analysis of animal hierarchies, we used publicly available data 
from domArchive (https://github.com/DomArchive/DomArchive) 

Human research participants
Policy information about studies involving human research participants and Sex and Gender in Research. 

Reporting on sex and gender Participants' gender per Study : Study S1a: n = 20 (11 females, 9 males); Study S1b: n = 20 (11 females, 9 males); Study 2: n = 
40 (21 females, 19 males); Study 3, pyramidal condition: n = 20 (12 females, 8 males); Study 3, tree condition: n = 20 (10 
females, 10 males); Study 4 pyramidal condition: n = 20 (11 females, 9 males); Study 4 tree condition: n = 20 (11 females, 9 
males); Study 5a: n = 20 (9 females, 11 males); Study 5b: n = 20 (10 females, 10 males); Study 6a: n = 20 (10 females, 10 
males); Study 6b: n = 20 (9 females, 11 males); Study 7a: n = 20 (9 females, 11 males); Study 7b: n = 20 (11 females, 9 males).  
Gender was reported based on self-reporting (for adult participants), and based on caregiver's reporting (for infants). The 
gender of each participant is reported in the raw data available in the Supplementary Materials. We did not perform gender-
based analyses because we had no hypothesis about the effect of gender on the type of inferences that we tested. 

Population characteristics See below.

Recruitment Studies S1ab, 2, 3, 4: The adult participants were recruited by sending announcement on several cognitive science mailing list 
distributed in the Lyon area, and by advertising the study on social media. One possible slight selection bias in our sample 
might result from the fact that participants were recruited using online advertisement — thus, they needed to have direct or 
indirect access to a computer or a mobile phone. We doubt that this putative selection bias might have influenced our 
results, given that we tested adults' processing of sets of basic social relations.  
 
Studies 5ab,6ab,7ab: The infant participants were recruited using a procedure that is commonly used in infancy research 
centers. We sent letters to a randomly selected sample of children born in the Lyon and Paris areas, whose population are 
urban and of mixed socio-economic background. Typically, about 5% of the families receiving our invitation letter contact us 
to participate in a study. Out of these 5%, the overwhelming majority of families eventually participate in our studies. 
Occasionally, some families refuse to participate to studies involving exposure to screens. One possible selection bias in our 
sample of infants might result from the fact that participating families needed to be available during our lab opening hours 
(Monday to Saturday, 8 am- 6pm). We have no reason to assume that this putative selection bias might have influenced our 
results, given that we tested infants' processing of sets of basic social relations. 

Ethics oversight CPP Sud-Est II, IRB: 00009118

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Field-specific reporting
Please select the one below that is the best fit for your research. If you are not sure, read the appropriate sections before making your selection.

Life sciences Behavioural & social sciences  Ecological, evolutionary & environmental sciences

For a reference copy of the document with all sections, see nature.com/documents/nr-reporting-summary-flat.pdf

Behavioural & social sciences study design
All studies must disclose on these points even when the disclosure is negative.

Study description Studies 1ab : observational data, quantitative ; Studies 2-4; 5ab-6ab-7ab: experimental, quantitative

Research sample Studies 1ab:  
Children data: observational data from the literature (metadata is reported in details in table S6); we chose to analyze data from 
dominance interactions between children because they can be measured through ethological observations — just like non-human 
animal dominance interactions; we collected all the data that we could find on children's dominance matrices in the academic 
literature; thus, our sample is representative of available ethological data on children's dominance networks. 
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Non-human animal data: observational data from the literature (DomArchive, Strauss et al., 2022; metadata is available from the 
DomArchive database; https://doi.org/10.1098/rstb.2020.0436). We chose data from the DomArchive database because, to our 
knowledge, it is the most comprehensive database of agonistic interactions in non-human animal groups; it gathers data from a large 
set of studies and covers a wide range of species. This sample is representative of available ethological data on non-human animal 
agonistic interactions.  
 
Studies S1ab, 2, 3, 4: 160 adults from a large French urban area (Lyon) were included in studies testing human adults’ inferences 
(Study S1a: n = 20; mean age = 22.1 y; range = 19–28 y, 11 females; Study S1b: n = 20; mean age = 23 y; range = 19–30 y, 11 females; 
Study 2: n = 40; mean age = 23.05 y; range = 19–34 y, 21 females; Study 3, pyramidal condition: n = 20; mean age = 22.9 y; range = 
19–29 y, 12 females; Study 3, tree condition: n = 20; mean age = 22.35 y; range = 19–29 y, 10 females; Study 4 pyramidal condition: n 
= 20; mean age = 22.8 y; range = 19–32 y, 11 females; Study 4 tree condition: n = 20; mean age = 23.15 y; range = 19–33 y, 11 
females). We chose to test human adults because we were focusing on human's capacity to make inferences about unobserved 
dominance relations. Our sample is representative of a population of young adults living in a large French urban area.   
 
Studies 5ab,6ab,7ab: We included 20 infants from a large urban area per Study (Study 5a: mean age = 433 d; range = 389–463 d, 9 
females; Study 5b: mean age = 426 d; range = 391–456 d, 10 females; Study 6a: mean age = 433 d; range = 400–466 d, 10 females; 
Study 6b: mean age = 429 d; range = 399–460 d, 9 females; Study 7a: mean age = 430 d; range = 400–460 d, 9 females; Study 7b: 
mean age = 433 d; range = 400–468 d, 11 females). We chose to test infants because we were focusing on the early ontogeny of 
expectations about the shape of dominance hierarchies, before any explicit teaching about pyramidal structures can take place. We 
tested 14-month-old infants  because by this age infants’ capacity to process information about dominance and alliance relations is 
well-established. Our sample is representative of a population of 14-month-old infants living in a large French city.  

Sampling strategy Studies 1ab: Human data were obtained from a Google Scholar search performed during April 2021, using the exact query: “social 
dominance matrix children”. We then screened for all studies that reported systematic data on randomly sampled, naturally 
occurring conflicts (physical attack, threat, or competition) between children in daycare centers. We also opportunistically added as 
many datasets as possible. Studies were included if it reported data that showed either who won each of the observed conflicts, or 
dominance relationships (i.e., which individual won more conflicts in a dyad). If an article reported longitudinal data from the same 
group, we only used data collected at the first time point. The final dataset included dominance networks from 20 groups of children 
(see metadata in Table S6). Animal data were obtained from DomArchive, a large database of agonistic interactions in multiple 
species. We excluded networks in which all individuals were directly connected by dominance relations, because triadic pyramids and 
triadic trees cannot occur in such networks. When repeated measurements were reported for the same group of animals, we kept 
only the first reported measure in the analysis.  
 
We used a random sampling procedure for all experimental studies (S1ab, 2, 3, 4, 5ab, 6ab, 7ab). 
 
Studies S1ab, 2, 3, 4: Although no study tested the pyramidal inference that we investigated, past studies testing adults’ participants 
to the structural regularities of dominance structures typically show large effect sizes (De Soto, 1960; Zitek & Tiedens, 2012). An a 
priori power analysis performed with G*power3 (v.3.1), assuming a large effect size (.8), revealed that a sample of 15 participants per 
condition was needed to achieve a power of .8 when comparing participants’ inference score to the level of performance predicted 
by chance with two-tailed one-sample t-tests (α = .05). Given that adults are relatively easy to recruit, we set our sample size to 20 
per condition with a between-subject treatment in each Study.  
 
Studies 5ab,6ab,7ab: An a priori power analysis performed with G*power3 (v.3.1), assuming an effect size of .667 (the mean effect 
size typically observed in looking time studies with infants, see Csibra et al., 2016) , revealed that a sample of 20 participants per 
group was needed to achieve a power of .8 when evaluating the effect of test coherence on looking times by two-tailed paired t-tests 
(α = .05).

Data collection Studies 1ab : N/A. We did not collect novel data for Studies 1ab. For human data, we reanalyzed published data on children 
dominance matrices (see metadata in Table S6). For animal data, we analyzed data from DomArchive, a large database of agonistic 
interactions in multiple species (https://doi.org/10.1098/rstb.2020.0436).   
 
Studies S1ab, 2, 3, 4: Adults were tested in a quiet room. Participants' responses were recorded using a computer using MATLAB 
R2015b and the Psychophysics Toolbox. No one was present in the testing room during the experiment besides the participant.  
Studies 5ab,6ab,7ab: Infants were tested in a dimly lit and soundproof room, seated on their caregiver’s lap ~70 cm from a 24-inch 
LCD monitor. Caregivers were instructed to close their eyes to avoid parental interference. A hidden camera mounted above the 
screen recorded infants’ looking behavior. Apart from the infant caregiver, and the infant themselves, no one else was present in the 
testing room during the experiment. The researcher monitored the experiment from a separate room. Data collection was not 
performed blind to the conditions of the experiments. For each study measuring looking time, one of the co-authors, served as 
primary coder and coded all the data. A second coder who was blind to the hypotheses of the study, double-coded 40% of randomly 
selected data. The correlations between the coders’ measures of looking times were high (Spearman’s ρ = 0.98).

Timing Studies 1ab: Human data were obtained from a Google Scholar search performed during April 2021, using the exact query: “social 
dominance matrix children”.  
Studies S1ab, 2, 3, 4: Start date: March 2017; end date : June 2018. 
Studies 5ab,6ab,7ab: Start date: February 2017; end date: March 2022 (no data collection in 2020-2021) 

Data exclusions Studies 1ab: We excluded networks in which all individuals were directly connected by dominance relations, because triadic pyramids 
and triadic trees cannot occur in such networks (80 datasets). When repeated measurements were reported for the same group of 
animals, we kept only the first reported measure in the analysis (48 groups).  
 
Studies S1ab, 2, 3, 4: One participant was excluded from analysis for cheating (i.e., drawing the relations on a sheet of paper). 
 
Studies 5ab,6ab,7ab: Infants were excluded from analyses because of crying or leaving their parent’s lap before the end of the 
experiment (11), parental interference (4), impossibility to code the infants’ gaze — head off-camera (3), experimental error (14), 
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inattentiveness — i.e., looking at the familiarization movies or at the competitive interaction shown during test movies for less than 
75% of their duration(10), and technical failure (1). 

Non-participation No participant dropped out except for the 11 infants who cried or left their parent's lap before the end of the experiment (see data 
exclusions above) 

Randomization Participants were allocated randomly to experimental groups

Reporting for specific materials, systems and methods
We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material, 
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response. 

Materials & experimental systems
n/a Involved in the study

Antibodies

Eukaryotic cell lines

Palaeontology and archaeology

Animals and other organisms

Clinical data

Dual use research of concern

Methods
n/a Involved in the study

ChIP-seq

Flow cytometry

MRI-based neuroimaging
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