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A century ago, foundational work by Thorleif Schjelderup-Ebbe described a
‘pecking order’ in chicken societies, where individuals could be ordered
according to their ability to exert their influence over their group-mates. Now
known as dominance hierarchies, these structures have been shown to influence a plethora of individual characteristics and outcomes, situating
dominance research as a pillar of the study of modern social ecology and evolution. Here, we first review some of the major questions that have been
answered about dominance hierarchies in the last 100 years. Next, we introduce
the contributions to this theme issue and summarize how they provide ongoing
insight in the epistemology, physiology and neurobiology, hierarchical structure, and dynamics of dominance. These contributions employ the full range
of research approaches available to modern biologists. Cross-cutting themes
emerging from these contributions include a focus on cognitive underpinnings
of dominance, the application of network-analytical approaches, and the utility
of experimental rank manipulations for revealing causal relationships. Reflection on the last 100 years of dominance research reveals how SchjelderupEbbe’s early ideas and the subsequent research helped drive a shift from an
essentialist view of species characteristics to the modern recognition of rich
inter-individual variation in social, behavioural and physiological phenotypes.
This article is part of the theme issue ‘The centennial of the pecking
order: current state and future prospects for the study of dominance
hierarchies’.

1. Introduction
Anyone who thinks the inhabitants of a chicken yard are thoughtless happy creatures
with a daily life of undisturbed pleasure … is thoroughly mistaken. A grave seriousness lies over the chicken yard
—Schjelderup-Ebbe 1922 [1, p. 39]

At the age of ten, Thorleif Schjelderup-Ebbe’s fascination with domestic chickens
led him to collect systematic data on patterns in the aggressive interactions among
individual chickens [2]. At this young age, he saw past the chickens’ outwardly
similar appearance and mannerisms, and by learning to identify each individual,
he became captivated by the differences in behaviour among them. He noticed
that although the chickens frequently pecked each other during feeding competition, not all chickens were pecked equally. Instead, certain hens were the
‘despots’, able to peck all others, whereas other hens were pecked by all others.
In fact, through careful observation of which hens were pecking which,
Schjelderup-Ebbe found that members of his chicken societies were highly
© 2022 The Authors. Published by the Royal Society under the terms of the Creative Commons Attribution
License http://creativecommons.org/licenses/by/4.0/, which permits unrestricted use, provided the original
author and source are credited.
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Although many lines of inquiry continue to produce new
insights into dominance hierarchies, some questions have
been satisfactorily answered during the last century. To serve
as a roadmap for new discoveries about dominance as a structuring feature of societies, the contents of this theme issue deal
primarily with ongoing and emerging areas of insight. However, to acknowledge the century of high-quality research
upon which these new insights rest, we here briefly discuss
the pillars of established knowledge generated over the past
century of dominance hierarchy research.

(a) Are dominance hierarchies found in many species?
Despotism is the basic idea of the world, indissolubly bound up with
all life and existence
—Schjelderup-Ebbe, according to Allee 1939 [14, p. 185]

Nearly all societies are structured by some type of dominance
hierarchy. Schjelderup-Ebbe’s observation of hierarchically
structured aggression in chickens prompted research aimed at
understanding potentially similar hierarchical structures in
other species. This early work focused primarily on the societies
of other species of birds [14], primates [15] and domestic
animals [16]. The mathematical foundations for the measurements of hierarchies were also presented around this time by
Kendall & Smith [17] and Landau [18,19]. Considerable
research has now clearly demonstrated that these dominance
hierarchies are a widespread feature of societies occurring
broadly across the evolutionary tree ([20,21]; see also Strauss
et al. [22] in this theme issue) including humans (see Redhead &
Power [23] and Zeng et al. [24] in this theme issue).

(b) Is dominance a feature of individuals, relationships
or groups?
There are no two individual birds of any given species which,
when living together, do not know which of the two has
precedence and which is subordinate
—Schjelderup-Ebbe 1935 [4, p. 949]

(c) Are dominance hierarchies variable in structure?
One might distinguish mild and strict despotism … . These vary in
degree, so that we have many kinds of despots, from the one which
shows great reasonableness in his practice towards another to the
one that acts as the most cruel tyrant
—Schjelderup-Ebbe 1935 [4, p. 950]

Dominance hierarchies show structural variability along
multiple dimensions, but are consistently more transitive
than expected by chance. Research into dominance hierarchies across species has revealed considerable variation in
hierarchy structure. One of the most discussed dimensions
of structural variability is linearity, or the extent to which patterns of the outcomes of agonistic interactions conform to a
perfect rank order where each individual defeats all (and
only) individuals ranked below them [18,19]. A related
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2. What have we learned in the last century?

Dominance hierarchies are networks of dominance relationships, which are determined by asymmetrical displays of
threat and, especially, subordination. Research into dominance hierarchies underwent a pubertal phase of awkward
self-realization during the mid-twentieth century, brought on
by multiple factors. At this time, primatologists were applying
Schjelderup-Ebbe’s concept of a pecking order in the societies
of wild and captive primates, many of which lacked intuitive
and unambiguous dominance interaction signals such as pecking/fleeing and had dominance hierarchies that were not as
obvious and linear as those found in chickens. During these
studies, variation in access to food and mating success were
often mistakenly used as proxies for dominance, leading to
hand-wringing when studies began to reveal that aggression,
copulation and access to food were often not strongly correlated [25]. Concurrently, conceptual confusion appeared in
the literature regarding whether dominance was most appropriately viewed as a feature of individuals or a relational
property [26–28]. These factors led to several debates about
the utility of dominance hierarchies as a concept ([25,28] and
commentary [28]), with Robert A. Hinde likening dominance
hierarchy research to a conceptual ‘strait-jacket’ [26, p. 1] and
‘groan[ing] at the sight of another article on the overused,
often misused, over-discussed but nevertheless often useful
concept of dominance’ [29, p. 442].
Despite these growing pains, the field of dominance
hierarchy research emerged with a general consensus on the
nature of dominance that has provided a robust foundation
for a mature study of dominance hierarchies. In a thorough
review of the debate and the various proposed definitions,
Drews [30, p. 308] synthesized a concept of dominance that
forms the basis of modern understanding of dominance hierarchies as an organizing structure in animal societies: ‘Dominance
is an attribute of the pattern of repeated, agonistic interactions
between two individuals, characterized by a consistent outcome in favour of the same dyad member and a default
yielding response of its opponent rather than escalation’. Dominance therefore describes a dyadic social relationship [26] that
emerges from sequences of agonistic interactions [31] where one
individual exhibits subordination [32]. Following from this definition, dominance hierarchies are the group-level structure
arising from the social network of these dyadic relationships,
and although dominance is not a feature of individuals, dominance rank can be a useful measure for summarizing an
individual’s position in this network (see McCowan et al. [33]
and Redhead & Power [23] in this theme issue).
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variable in their tendency to peck and be pecked, and could be
arranged in order of their ability to peck others. In 1922, years
later, he published these observations from his childhood data
notebooks as his enduring work [1] describing a ‘Hackliste’,
translated to English as a ‘pecking order’ [3], and now
known in academic circles as a dominance hierarchy.
In the decades following Schjelderup-Ebbe’s foundational
papers [1,4], publications on dominance hierarchies increased
dramatically, and although growth has fluctuated over time
(see Hobson [5] in this theme issue), research on dominance hierarchies has expanded over the last century to become a central
concept in behavioural ecology. Now, dominance hierarchies
appear frequently in the contemporary study of animal physiology [6], immunology [7], cognition [8], animal welfare and
husbandry [9], cooperative breeding and reproductive skew
[10], human health and ageing [11], modern human behaviour
[12], and human evolution [13].
This theme issue marks the 100th birthday of the concept
of a dominance hierarchy. In this introduction, we briefly
summarize the features of dominance hierarchies that have
been well established over the last 100 years, then highlight
the emerging topics that will drive the next century of new
insights into this fundamental social structure.

Frequently, momentary courage or luck is decisive in establishing
dominance relationships
—-Schjelderup-Ebbe 1922 [1, p. 40]

Position in the dominance hierarchy is determined by a combination of attributes of individuals, stochastic processes, and
social context. In Schjelderup-Ebbe’s initial work in chickens
[1,4], he noted that although strength was a relevant factor in
determining which of a pair of birds is dominant, contextual
or stochastic processes also played a role in dominance relationship formation. Since his initial observations, considerable
evidence has supported the idea that multiple factors explain
position in the dominance hierarchy. Many studies aimed at
understanding the determinants of dominance have found
significant predictors of dominance—for instance, physical
fighting characteristics such as body size in male elephant
seals [45], physiological correlates like testosterone secretion
in birds [46], status badges such as facial markings in paper
wasps [47], or conventions such as maternal rank inheritance
in spotted hyenas and many Old World primates [48]. However, mathematical and empirical evidence suggests that these
factors are unlikely to fully explain the formation of linear hierarchies [18,44,49]. Considerable evidence demonstrates the
existence of winner- and loser-effects, where experiencing a
win (loss) leads an individual to increase (decrease) its probability of winning (losing) a future encounter [50–52]. These
processes can contribute to hierarchical structure [50], but
may not be sufficient to produce the linear hierarchies observed

(e) Does high dominance rank confer advantages?
Those which are despots over many thrive, become stout, look
contented; those in the middle rank are usually normal; those
which have nearly all the others over them are thin, restless,
and often pine away
—Schjelderup-Ebbe 1935 [4, p. 966]

Position in the dominance hierarchy is often—but not
always—associated with fitness-related outcomes. From the
earliest observations of dominance hierarchies, there have
been obvious advantages to occupying high dominance
status in many species, with dominant individuals often enjoying priority access to food, more reproductive opportunities
and greater survival [15]. However, as studies of dominance
expanded to more species, the link between dominance
status and fitness outcomes began to receive some more sceptical scrutiny [32]. Systematic reviews revealed that high
dominance status is typically associated with increased reproductive success, although there is variation in this pattern
[20,31]. Nevertheless, the process of this reevaluation of the
benefits of dominance status added considerable nuance to
our understanding of how dominance relates to individual outcomes. Socio-ecological variables, like dispersal patterns
[58,59], the distribution and synchrony of receptive mates
[60,61], or abilities for subordinates to leave the group [10],
can modulate the strength of the relationship between dominance and individual outcomes. Furthermore, in some cases,
achieving and maintaining high dominance status can be
costly [62–64]. The relationship between dominance and individual outcomes is also sensitive to the frequency of changes
in the hierarchy and can vary over time with shifts in social
dynamics or individual behavioural tendencies [65,66]. Finally,
ongoing work on the influence of social gradients on health
continues to shed new light on the specific mechanisms linking
dominance status to individual outcomes ([7,11]; see also
Anderson et al. [67] and Simons et al. [68] in this theme issue).

3. What are we still learning?
Having reviewed these ‘answered questions’ in dominance
hierarchy research, we now turn to areas of emerging and
ongoing research that promise to deliver new insights into
the structure, function and evolution of dominance across
animal societies.

(a) Epistemology of dominance
There exists among birds a definite order of precedence or social
distinction. The precedence in rank proved to be founded upon
certain conditions of despotism
—Schjelderup-Ebbe 1935 [4, p. 949]
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(d) What determines dominance rank?

in many animals [53]. Finally, it is clear that social context plays
an active role during hierarchy formation; individuals are influenced by the occurrence of interactions among their groupmates, producing more transitive and linear hierarchies than
are assembled in the absence of social information [54,55]. In
sum, although there is room for more insight into the relative
contributions of these different factors (e.g. [56]; see also
Tibbetts et al. [57] in this theme issue), the evidence
conclusively suggests that position in the dominance hierarchy
is influenced by a combination of differences among individuals, stochastic processes and social context.
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concept is transitivity, or the tendency for triadic motifs to
have transitive properties (i.e. A → B and B → C implies
A → C) [34,35]. Dominance hierarchies are also made up of
dyadic relationships that can vary in directional consistency,
or the consistency with which the higher-ranked member of
the dyad is observed to win interactions [36] (e.g. consider
a dyad where the dominant individual wins 51% of interactions versus one where it wins 100% of interactions).
Finally, dominance hierarchies can also vary in steepness, or
the degree to which the propensity to win changes with
rank (e.g. ‘egalitarian’ versus ‘despotic’ hierarchies) [37,38].
Many of these measures of hierarchy structure are biased
by the number of missing observations (i.e. dyads for which
there are no interaction data) [39], making it difficult to derive
insight from cross-species comparisons of hierarchy structure
(but see [40–42]). However, insofar as it is robust to variation
in observed data, network-based methods provide evidence
that the tendency towards transitivity is a fundamental organizing principle underlying dominance relationships. For
example, propensity towards transitive relationships can be
measured by focusing on triads (sets of three individuals)
that have been observed to interact (the triangle transitivity
measure [35]), or by measuring the frequencies of different
‘network motifs’—i.e. substructures of three- or four-player
configurations within the entire dominance network [21,43].
These comparative data show that, despite variation in the
structure of dominance hierarchies across taxa, hierarchies
are consistently more transitive than expected by chance,
showing enrichment for transitive triads and fewer intransitive triads than expected. These results mirror parallel work
on hierarchy formation that indicates that this tendency
towards transitivity emerges and persists from the start of
novel hierarchy formation in experimental groups [34,44].

The face of the despot would radiate with joy of satisfied
pecking-lust and the fury could clearly be observed in its eyes
—Schjelderup-Ebbe 1935 [4, p. 951]

A major area of ongoing advancement in dominance research is
understanding how dominance hierarchies relate to individual
physiological and neurobiological states. In this section of the
theme issue, contributions take steps towards clarifying the multiple ways in which individual physiology and neurobiology
reflect dominance. First, a number of papers review associations
between individual state and dominance status. Milewski et al.

(c) Hierarchical structure of dominance
It should be noted that there is a variety of different pecking
combinations which leads to deviations in the continuous
sequence of the peck order … . Quite frequently one finds
triangles, squares, etc.
—Schjelderup-Ebbe 1922 [1, p. 38]
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(b) Physiology and neurobiology of dominance

[70] broadly review the suite of behavioural, neural and physiological phenotypic changes that occur as vertebrates attain social
dominance or subordinate status. These physiological differences are viewed as plastic responses to the different demands
of dominant and subordinate status, although both dominants
and subordinates can suffer long-term costs as a result of
these modifications. Turning to the societies of invertebrates,
Shimoji & Dobata [71] review the development and evolution
of dominance hierarchies in eusocial insects, and describe how
dominance hierarchies and associated reproductive division of
labour emerge through behavioural and physiological suppression of ovarian development in subordinates. Self-organizing
processes are implicated in the transition from local behavioural
interactions to colony-level dominance hierarchies. Dwortz et al.
[72] provide insight into how dominance is represented in the
brain. In addition to exploring the neural response to sensory
signals of dominance status, the authors discuss the role of learning in dominance behaviour and how social memory and
associated brain regions serve as cognitive mechanisms for
tracking dominance relationships. Accordingly, they identify
numerous brain regions that respond to status signals or to the
social rank of a familiar conspecific and describe how these
pathways are potentially integrated.
This section of the theme issue also contains empirical
papers that explore in detail the physiological and neurobiological differences among dominants and subordinates. In a longterm study of wild baboons, Anderson et al. [67] find contrasting
effects of dominance rank on white blood cell gene expression in
males and females, such that high-ranking males resemble lowranking females. Furthermore, they find that while rank predicted baseline immune gene activity, social bond strength
and not rank explained response to immune challenge. Their
results highlight how effects of the social landscape can vary
based on attributes of individuals (sex) and the specific outcome
under investigation. Simons et al. [68] came to similar conclusions in an experimental manipulation of rank in captive
rhesus macaques. They find that summaries of the occurrence
of rank-associated agonistic and affiliative behaviours were
often better predictors of specific outcomes than rank itself,
but that these relationships varied across outcome and interaction type. They conclude that examining specific social
interactions is best for revealing the proximal drivers of social
influences on downstream outcomes, but that rank serves as a
useful intervening variable [29] for summarizing the overall
effects of the social environment on individuals. Finally, to
complement these approaches that examine physiological correlates of dominance over extended time-scales, Knoch et al. [73]
use infrared thermography to measure head temperature phenotypes in response to individual interactions. They find that
both exhibiting and receiving aggression was associated with
rapid and nonlinear fluctuations in head temperature. These
fluctuations in temperature reflect stress-induced hyperthermia
in response to a social challenge and shed light on how single
interactions evoke the changes that produce socially mediated
physiological differences over longer time-scales.
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The last century has seen continual refinements in our understanding of what dominance is and how we study it. To start
this theme issue, contributions explore this history and present
modern developments in the study of dominance. Hobson [5]
used a science of science approach to determine how the use
of terms in titles associated with dominance hierarchy research
has changed over the history of the field. This work shows that
while the field has moved past the phase of explosive growth in
publication rate, we may now be entering a new phase of crossdisciplinary work that blurs the traditional conceptual boundaries. For example, with the coalescence of a definition of
dominance grounded in asymmetrical outcomes of agonistic
interactions [30], questions arise about how dominance relates
to other forms of social power. Lewis [69] discusses these
issues in detail, arguing that focusing only on strength, aggression and fighting gives an incomplete picture of the social power
dynamics of individuals in hierarchies. Instead, the author presents a power framework that incorporates multiple sources of
asymmetry among individuals, emphasizing the importance
of ‘leverage’, or asymmetry that arises from control over a
resource that cannot be taken by force. The author calls for
studies to expand from a focus on aggression-based dominance
to a multi-dimensional landscape of power. Given alternative
forms of social power in animal systems, it is natural to ask to
what extent dominance versus other forms of social power operates in humans. Zeng et al. [24] explore the theoretical challenges
to applying dominance frameworks to human societies and
describe human-specific forms of social dominance. Mirroring
the distinction between dominance and leverage discussed by
Lewis [69], these authors review research on ‘prestige’, which
describes asymmetries in cultural information such as knowledge or skill and offers a non-coercive route to social power.
They further detail the empirical evidence supporting a profound role of dominance and prestige as coexisting pathways
to individual fitness and social influence in human social
groups. For a complementary view of dominance in humans
focusing on the socio-relational nature of status hierarchies,
see Redhead & Power [23] in this theme issue, under §3c.
Finally, the spread of dominance research over the last
century has produced a bounty of data on dominance
interactions across species, providing the opportunity for
comparative research into the evolution of this widespread
social structure [21,40–42]. To facilitate future comparative
approaches to dominance hierarchy research, Strauss et al.
[22] collect published dominance interaction data from the
last century and share this archive in a freely available R package, DomArchive. The authors also reflect on best practices
for sharing dominance interaction data moving forward
to empower continued comparative insight founded on
principles of open science.

The peck order in a flock of chickens can change over a period of
time … if one hen rebels against her despot
—Schjelderup-Ebbe 1922 [1, p. 43]

4. Conclusion
Every bird is a personality. However, the word ‘personality’ must
not be understood to have the same meaning in this statement as
when used in regard to human beings. What is meant here is that
any one bird, irrespective of the species to which it belongs, is
absolutely distinct in character and in the manifestations of
character from any other bird of its species.
This may sound odd, but that is only because the individual and
social psychology of birds has been regarded too superficially. No
attempt has been made to know each individual bird in a given
flock. So to know them, however, is the most important prerequisite for the full understanding of the general and comparative
psychology of birds.
—Schjelderup-Ebbe 1935 [4, p. 947]

The key to Schjelderup-Ebbe’s insight into hierarchical structure
of animal societies was his view of animals as unique individuals rather than as instantiations of an essential species
prototype [1,4]. This view, enabled by the identification of individuals based on their unique physical features, unlocked for
Schjelderup-Ebbe the ability to detect and measure the profound effects of the social environment on the behaviour and
experience of individuals. Subsequent work in many species
has since revealed how the apparent anonymity of a flock of
indistinguishable birds belies what is in fact a rich assemblage
of diverse individuals varying in multiple dimensions, including their tendency to dominate others. This study of
intraspecific variation in behavioural tendency, social
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(d) Dynamics of dominance

To understand the structure, function and evolution of dominance hierarchies, it is crucial to understand how they
emerge and change over time. In this section of the theme
issue, contributions take a dynamic view of dominance hierarchies to advance insight into the function of these
structures. Tibbetts et al. [57] examine the mechanisms underlying the formation and maintenance of hierarchies. In their
extensive review, the authors find that these two dynamic
processes are underpinned by separate sets of behavioural
mechanisms and signals. They conclude by highlighting
opportunities for future insight, such as the use of network
analysis to better understand the interaction between individual attributes and self-organizational processes during the
establishment of rank, the causes and consequences of hierarchy instability, and the cognitive mechanics underlying
dominance hierarchies in different species. In line with this
last suggestion, Wallace et al. [77] use a social perturbation
experiment to explore how behaviour, physiology and cognition change alongside fluctuations in dominance rank in a
species of social cichlid fish. They find that fish undergoing
social ascent in response to the perturbation changed in multiple physiological and cognitive phenotypes. Using a
principal components analysis assaying a suite of cognitive
and physiological attributes before the perturbation treatment, the authors identified features of fish that predispose
them to social ascent in response to the experimental perturbation. Finally, Strauss & Shizuka [78] explore open questions
in the study of the dynamics of dominance hierarchies,
describing how hierarchy dynamics can be understood at
three organizational scales—individual, dyadic and group.
The authors highlight five open questions about dynamics
operating at these different scales. Although challenges exist
to addressing these questions, the authors suggest some solutions to these challenges.

royalsocietypublishing.org/journal/rstb

Much ongoing research is aimed at understanding variation in
the structure of dominance hierarchies and the ways in which
individuals act within the confines of this structure. In this section of the theme issue, contributions explore the causes and
consequences of hierarchical structure and the behavioural
processes that underlie this structure. McCowan et al. [33]
review recent work on dominance certainty, an emerging
network-based measure of the structure of dominance hierarchies that reflects the flow of information through a
dominance network. They find that in an extensively studied
captive population of rhesus macaques, both dominance rank
and dominance certainty are related to health outcomes for
individuals and to position within the broader multi-dimensional social landscape, emphasizing how properties of
dominance networks can influence individual outcomes in
ways not fully captured by rank. Redhead & Power [23] also
take a social network perspective on the structure of dominance hierarchies, this time in human societies. They review
the sociological literature and highlight feedback loops linking
individual-level determinants of social status, the meso-level
properties of social networks and the macro-level structure of
resulting hierarchies. Like McCowan et al. [33], Redhead &
Power [23] emphasize that a full understanding of dominance
hierarchies requires viewing them as part of a multi-layer fabric
of overlapping social networks. Boucherie et al. [74] examine
hierarchical structures in wild and captive raven groups and
find that, while wild groups have much more fluid group
membership than the captive groups, linear dominance hierarchies emerged in both. These results suggest that ravens are
capable of maintaining many differentiated relationships in
the face of considerable demographic change. The authors conclude with a discussion of how these open, fluid societies can
favour advanced cognitive abilities for fine-tuning behaviour
to the ever-changing social environment.
The final two contributions to this section of the theme issue
focus on how behavioural processes operate within and give
rise to, structured social hierarchies. Dehnen et al. [75] explore
differences in the use of high- and low-cost aggression in vulturine guineafowl, a gallinaceous bird with steep and linear
dominance hierarchies. They find that high-cost aggression is
preferentially directed towards competitors of similar rank,
while low-cost aggression is directed towards group members
further down the hierarchy. In line with recent work on aggression heuristics across species [40], these results reveal how
strategic competitive decision-making by individuals structures
the aggression networks underlying dominance hierarchies.
Hamilton & Benincasa [76] take a modelling approach to
explore the underlying processes that give rise to size-structured dominance hierarchies. Inspired by the biology of social
teleost fishes, they implement two models examining the structural effects of size-based competition outcomes and growth
suppression. These models suggest that strategic investment
in growth suppression of similarly sized individuals can produce the stable size-structured hierarchies found in nature.
Complementing the results of Dehnen et al. [75], the authors
find that costly investment in growth suppression was favoured
in cases where competitors were of similar sizes.

Data accessibility. This article has no additional data.
Authors’ contributions. E.D.S.: conceptualization, writing—original draft
and writing—review and editing; J.P.C.: conceptualization and writing—review and editing; D.S.: conceptualization and writing—
review and editing; E.A.H.: conceptualization and writing—review
and editing. All authors gave final approval for publication and
agreed to be held accountable for the work performed therein.

Conflict of interest declaration. This theme issue was put together by the
Guest Editor team under supervision from the journal’s Editorial
staff, following the Royal Society’s ethical codes and best-practice
guidelines. The Guest Editor team invited contributions and handled
the review process. Individual Guest Editors were not involved in
assessing papers where they had a personal, professional or financial
conflict of interest with the authors or the research described. Independent reviewers assessed all papers. Invitation to contribute did
not guarantee inclusion.
Funding. E.D.S. was supported by the Alexander von Humboldt Foundation, by the University of Nebraska, Lincoln Population Biology
Program of Excellence, and by NSF grant OIA 0939454 (Science
and Technology Centers) via ‘BEACON: An NSF Center for the
Study of Evolution in Action’.

Acknowledgements. D.S. thanks David McDonald for supporting his
initial forays into dominance hierarchies and networks. E.D.S.
thanks Kay Holekamp for supporting early collaborations with D.S.
that led to this project.

References
1.

2.
3.
4.

5.

Schjelderup-Ebbe T. 1975 Contributions to the
social psychology of the domestic chicken.
(Transl. by M Schleidt and WM Schleidt). In Social
hierarchy and dominance. Benchmark papers in
animal behavior, vol. 3 (ed. MW Schein),
pp. 35–49. Stroudsburg, PA: Dowden, Hutchison &
Ross. (Reprinted from Z. Psychol. 88, 225–252
(1922).)
Price J. 1995 A remembrance of Thorleif
Schjelderup-Ebbe. Hum. Ethol. Bull. 10, 2–6.
Perring PG. 1955 ‘Pecking order’ 1927–54. Am.
Speech 30, 265–268.
Schjelderup-Ebbe T. 1935 Social behavior of birds. In
A handbook of social psychology (ed. C Murchison),
pp. 947–972. Worcester, MA: Clark University Press.
Hobson EA. 2022 Quantifying the dynamics of
nearly 100 years of dominance hierarchy research.
Phil. Trans. R. Soc. B 377, 20200433. (doi:10.1098/
rstb.2020.0433)

6.

7.

8.

9.

Creel S. 2001 Social dominance and stress
hormones. Trends Ecol. Evol. 16, 491–497. (doi:10.
1016/S0169-5347(01)02227-3)
Tung J, Barreiro LB, Johnson ZP, Hansen KD,
Michopoulos V, Toufexis D, Michelini K,
Wilson ME, Gilad Y. 2012 Social environment is
associated with gene regulatory variation in the
rhesus macaque immune system. Proc. Natl Acad.
Sci. USA 109, 6490–6495. (doi:10.1073/pnas.
1202734109)
Cheney D, Seyfarth R, Smuts B. 1986 Social
relationships and social cognition in nonhuman
primates. Science 234, 1361–1366. (doi:10.1126/
science.3538419)
D’Eath RB. 2005 Socialising piglets before
weaning improves social hierarchy formation
when pigs are mixed post-weaning. Appl. Anim.
Behav. Sci. 93, 199–211. (doi:10.1016/j.applanim.
2004.11.019)

10. Vehrencamp SL. 1983 Optimal degree of skew in
cooperative societies. Am. Zool. 23, 327–335.
(doi:10.1093/icb/23.2.327)
11. Snyder-Mackler N et al. 2020 Social determinants of
health and survival in humans and other animals.
Science 368, eaax9553. (doi:10.1126/science.
aax9553)
12. Cheng JT, Tracy JL, Foulsham T, Kingstone A,
Henrich J. 2013 Two ways to the top: evidence that
dominance and prestige are distinct yet viable
avenues to social rank and influence. J. Pers. Social
Psychol. 104, 103–125. (doi:10.1037/a0030398)
13. Boehm C, Barclay HB, Dentan RK, Dupre MCC, Hill
JD, Kent S, Knauft BM, Otterbein KF, Rayner S. 1993
Egalitarian behavior and reverse dominance
hierarchy [and comments and reply]. Curr.
Anthropol. 34, 227–254. (doi:10.1086/204166)
14. Allee WC. 1939 The social life of animals. New York,
NY: WW Norton & Co.

6

Phil. Trans. R. Soc. B 377: 20200432

et al. [67] and Dehnen et al. [75]), comparative approaches
(Strauss et al. [22]), theoretical frameworks (Lewis [69], Zeng
et al. [24] and Strauss & Shizuka [78]) and modelling (Hamilton
& Benincasa [76]), the theme issue highlights how research into
dominance hierarchies uses the full breadth of tools available to
modern biologists.
The breadth and depth of the contributions to this
theme issue speak to the continued utility of dominance
hierarchy research in driving advances in the evolution and
ecology of social systems. Reflecting on the last 100 years
of dominance research reveals how Schjelderup-Ebbe’s
early ideas and the subsequent research helped drive a shift
from an essentialist view of species characteristics to the
modern recognition of rich inter-individual variation in
social, behavioural, and physiological phenotypes.

royalsocietypublishing.org/journal/rstb

phenotypes and fitness outcomes is now a central maxim of
behavioural ecology, and advancing this perspective may
have been Schjelderup-Ebbe’s greatest contribution to the field.
A century of research has situated dominance as a central
concept in the study of animal behaviour, ecology and evolution.
Over these years, a number of features of dominance hierarchies
have been established through careful research and vigorous
debate. Much of the progress over the last century has confirmed, quantified or specified some of the intuition shared by
Schjelderup-Ebbe in his foundational paper [1].
Despite this considerable progress, there remain a number
of areas where our understanding of dominance hierarchies
continues to grow, and these areas are highlighted in the
contributions to this theme issue. A few cross-cutting themes
emerge from the contributions to this theme issue as vibrant
areas of ongoing or future progress, supporting the suggestion
by Hobson [5] that we may be entering a more cross-disciplinary phase in the study of dominance hierarchies. Many
contributions highlight the rapid development of advanced
quantitative tools for social network analysis as playing an
important role in driving new insight into the structure
and function of dominance hierarchies (Tibbetts et al. [57],
Shimoji & Dobata [71], Redhead & Power [23] and McCowan
et al. [33]). Multiple contributions also prompt more work
into the intersection between cognition and dominance (Milewski et al. [70], Dwortz et al. [72], Boucherie et al. [74],
Wallace et al. [77], Tibbets et al. [57] and Strauss & Shizuka
[78]), for instance by exploring the cognitive underpinnings
of dominance relationships. Another emerging topic in this
theme issue is the utility of rank manipulation experiments
for shedding new light on dominance hierarchies (Simons
et al. [68], Wallace et al. [77], Strauss & Shizuka [78] and
Milewski et al. [70]), particularly for deciphering causal
relationships from correlates of dominance status. Finally, in
including targeted experiments (Simons et al. [68] and Wallace
et al. [77]), observational studies of captive groups (Knoch
et al. [73], McCowan et al. [33] and Boucherie et al. [74]),
long-term individual-based observational studies (Anderson

49.
50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.
65.

‘inheritance’ of maternal rank. Am. Zool. 31,
306–317.
Chase ID. 1974 Models of hierarchy formation in
animal societies. Behav. Sci. 19, 374–382.
Dugatkin LA. 1997 Winner and loser effects and the
structure of dominance hierarchies. Behav. Ecol. 8,
583–587. (doi:10.1093/beheco/8.6.583)
Hsu Y, Earley RL, Wolf LL. 2006 Modulation of
aggressive behaviour by fighting experience:
mechanisms and contest outcomes. Biol. Rev. Camb.
Phil. Soc. 81, 33–74. (doi:10.1017/
S146479310500686X)
Franz M, McLean E, Tung J, Altmann J, Alberts SC.
2015 Self-organizing dominance hierarchies in a
wild primate population. Proc. R. Soc. B 282,
20151512. (doi:10.1098/rspb.2015.1512)
Lindquist WB, Chase ID. 2009 Data-based analysis of
winner-loser models of hierarchy formation in
animals. Bull. Math. Biol. 71, 556–584. (doi:10.
1007/s11538-008-9371-9)
Chase ID, Tovey C, Spangler-Martin D, Manfredonia
M. 2002 Individual differences versus social
dynamics in the formation of animal dominance
hierarchies. Proc. Natl Acad. Sci. USA 99,
5744–5749. (doi:10.1073/pnas.082104199)
Chase ID, Tovey C, Murch P. 2003 Two’s company,
three’s a crowd: differences in dominance
relationships in isolated versus socially embedded
pairs of fish. Behaviour 140, 1193–1217.
Dehnen T, Arbon JJ, Farine DR, Boogert NJ. 2021
How feedback and feed-forward mechanisms link
determinants of social dominance. EcoEvoRxiv,
1–42. (doi:10.32942/osf.io/xcp6h)
Tibbetts EA, Pardo-Sanchez J, Weise C. 2022 The
establishment and maintenance of dominance
hierarchies. Phil. Trans. R. Soc. B 377, 20200450.
(doi:10.1098/rstb.2020.0450)
Wrangham RW. 1980 An ecological model of
female-bonded primate groups. Behaviour 75,
262–300.
Sterck EHM, Watts DP, van Schaik CP. 1997 The
evolution of female social relationships in
nonhuman primates. Behav. Ecol. Sociobiol. 41,
291–309. (doi:10.1007/s002650050390)
Altmann SA. 1962 A field study of the sociobiology
of rhesus monkeys, Macaca mulatta. Ann. N. Y.
Acad. Sci. 102, 338–435. (doi:10.1111/j.1749-6632.
1962.tb13650.x)
Emlen ST, Oring LW. 1977 Ecology, sexual selection,
and the evolution of mating systems. Science 197,
215–223. (doi:10.1126/science.327542)
Packer C, Collins DA, Sindimwo A, Goodall J. 1995
Reproductive constraints on aggressive competition
in female baboons. Nature 373, 60–63. (doi:10.
1038/373060a0)
Goymann W, Wingfield JC. 2004 Allostatic load,
social status and stress hormones: the costs of social
status matter. Anim. Behav. 67, 591–602. (doi:10.
1016/j.anbehav.2003.08.007)
Sapolsky RM. 2005 The influence of social hierarchy
on primate health. Science 308, 648–652.
Altmann J et al. 1996 Behavior predicts genetic
structure in a wild primate group. Proc. Natl

7

Phil. Trans. R. Soc. B 377: 20200432

34. Chase ID. 1980 Social process and hierarchy
formation in small groups: a comparative
perspective. Am. Sociol. Rev. 45, 905–924.
35. Shizuka D, McDonald DB. 2012 A social network
perspective on measurements of dominance
hierarchies. Anim. Behav. 83, 925–934.
36. van Hoof J, Wensing J. 1987 Dominance and its
behavioral measures in a captive wolf pack. In Man
and wolf: advances, issues, and problems in captive
wolf research (ed. H Frank), pp. 219–252.
Dordrecht, The Netherlands: Junk Publishers.
37. de Vries H, Stevens JMGG, Vervaecke H. 2006
Measuring and testing the steepness of dominance
hierarchies. Anim. Behav. 71, 585–592. (doi:10.
1016/j.anbehav.2005.05.015)
38. Hemelrijk CK. 1999 An individual-orientated model
of the emergence of despotic and egalitarian
societies. Proc. R. Soc. Lond. B 266, 361–369.
(doi:10.1098/rspb.1999.0646)
39. Klass K, Cords M. 2011 Effect of unknown
relationships on linearity, steepness and rank
ordering of dominance hierarchies: simulation
studies based on data from wild monkeys. Behav.
Processes 88, 168–176. (doi:10.1016/j.beproc.2011.
09.003)
40. Hobson EA, Mønster D, DeDeo S. 2021 Aggression
heuristics underlie animal dominance hierarchies
and provide evidence of group-level social
information. Proc. Natl Acad. Sci. USA 118,
e2022912118. (doi:10.1073/pnas.2022912118)
41. Thierry B, Aureli F, Nunn CL, Petit O, Abegg C, de
Waal FBM. 2008 A comparative study of conflict
resolution in macaques: insights into the nature of
trait covariation. Anim. Behav. 75, 847–860.
(doi:10.1016/j.anbehav.2007.07.006)
42. Balasubramaniam KN et al. 2012 Hierarchical
steepness and phylogenetic models:
phylogenetic signals in Macaca. Anim. Behav. 83,
1207–1218. (doi:10.1016/j.anbehav.2012.02.012)
43. Shimoji H, Abe MS, Tsuji K, Masuda N. 2014 Global
network structure of dominance hierarchy of ant
workers. J. R. Soc. Interface 11, 20140599. (doi:10.
1098/rsif.2014.0599)
44. Chase ID, Coelho D, Lee W, Mueller K, Curley JP.
2022 Networks never rest: an investigation of
network evolution in three species of animals.
Social Netw. 68, 356–373. (doi:10.1016/j.socnet.
2021.09.002)
45. Haley MP, Deutsch CJ, Le Boeuf BJ. 1994 Size,
dominance and copulatory success in male
northern elephant seals, Mirounga angustirostris.
Anim. Behav. 48, 1249–1260. (doi:10.1006/anbe.
1994.1361)
46. Wingfield JC, Hegner RE, Dufty AM, Ball GF. 1990
The ‘challenge hypothesis’: theoretical implications
for patterns of testosterone secretion, mating
systems, and breeding strategies. Am. Nat. 136,
829–846. (doi:10.1086/285134)
47. Tibbetts EA, Dale J. 2004 A socially enforced
signal of quality in a paper wasp. Nature 432,
218–222.
48. Holekamp KE, Smale L. 1991 Dominance acquisition
during mammalian social development: the

royalsocietypublishing.org/journal/rstb

15. Collias NE. 1944 Aggressive behavior among
vertebrate animals. Physiol. Zool. 17, 83–123.
16. Meese GB, Ewbank R. 1973 The establishment and
nature of the dominance hierarchy in the
domesticated pig. Anim. Behav. 21, 326–334.
(doi:10.1016/S0003-3472(73)80074-0)
17. Kendall MG, Babington Smith B. 1940 On the
method of paired comparisons. Biometrika 31,
324–345. (doi:10.2307/2332613)
18. Landau HG. 1951 On dominance relations and the
structure of animal societies: I effect of inherent
characteristics. Bull. Math. Biophys. 15, 143–148.
(doi:10.1007/BF02478336)
19. Landau HG. 1951 On dominance relations and the
structure of animal societies: II. Some effects of
possible social factors. Bull. Math. Biophys. 13,
245–262. (doi:10.1007/BF02477920)
20. Ellis L. 1995 Dominance and reproductive success
among nonhuman animals: a cross-species
comparison. Ethol. Sociobiol. 16, 257–333. (doi:10.
1016/0162-3095(95)00050-U)
21. Shizuka D, McDonald DB. 2015 The network motif
architecture of dominance hierarchies. J. R. Soc.
Interface 12, 20150080. (doi:10.1098/rsif.2015.0080)
22. Strauss ED, DeCasien AR, Galindo G, Hobson EA,
Shizuka D, Curley JP. 2022 DomArchive: a century of
published dominance data. Phil. Trans. R. Soc. B
377, 20200436. (doi:10.1098/rstb.2020.0436)
23. Redhead D, Power EA. 2022 Social hierarchies and
social networks in humans. Phil. Trans. R. Soc. B
377, 20200440. (doi:10.1098/rstb.2020.0440)
24. Chen Zeng T, Cheng JT, Henrich J. 2022 Dominance
in humans. Phil. Trans. R. Soc. B 377, 20200451.
(doi:10.1098/rstb.2020.0451)
25. Gartlan JS. 1968 Structure and function in primate
society. Folia Primatol. 8, 89–120. (doi:10.1159/
000155138)
26. Hinde RA. 1976 Interactions, relationships and social
structure. Man 11, 1–17. (doi:10.2307/2800384)
27. Hinde RA. 1978 Dominance and role—two
concepts with dual meanings. J. Social Biol. Syst. 1,
27–38. (doi:10.1016/0140-1750(78)90016-7)
28. Bernstein IS. 1981 Dominance: the baby and the
bathwater. Behav. Brain Sci. 4, 419–429. (doi:10.
1017/S0140525X00009614)
29. Hinde RA, Datta S. 1981 Dominance: an intervening
variable. Behav. Brain Sci. 4, 442. (doi:10.1017/
S0140525X00009754)
30. Drews C. 1993 The concept and definition of
dominance in animal behaviour. Behaviour 125,
283–313.
31. Dewsbury DA. 1982 Dominance rank, copulatory
behavior, and differential reproduction. Q. Rev. Biol.
57, 135–159. (doi:10.1086/412672)
32. Rowell TE. 1974 The concept of social dominance.
Behav. Biol. 11, 131–154.
33. McCowan B, Vandeleest J, Balasubramaniam K,
Hsieh F, Nathman A, Beisner B. 2022 Measuring
dominance certainty and assessing its impact on
individual and societal health in a nonhuman
primate model: a network approach. Phil.
Trans. R. Soc. B 377, 20200438. (doi:10.1098/rstb.
2020.0438)

67.

68.

75.

76.

77.

78.

dynamics in ravens’ foraging groups. Phil.
Trans. R. Soc. B 377, 20200446. (doi:10.1098/rstb.
2020.0446)
Dehnen T, Papageorgiou D, Nyaguthii B, Cherono W,
Penndorf J, Boogert NJ, Farine DR. 2022 Costs
dictate strategic investment in dominance
interactions. Phil. Trans. R. Soc. B 377, 20200447.
(doi:10.1098/rstb.2020.0447)
Hamilton IM, Benincasa MD. 2022 Emergence of
size-structured dominance hierarchies through sizedependent feedback. Phil. Trans. R. Soc. B 377,
20200449. (doi:10.1098/rstb.2020.0449)
Wallace KJ, Choudhary KD, Kutty LA, Le DH, Lee MT,
Wu K, Hofmann HA. 2022 Social ascent changes
cognition, behaviour and physiology in a highly
social cichlid fish. Phil. Trans. R. Soc. B 377,
20200448. (doi:10.1098/rstb.2020.0448)
Strauss ED, Shizuka D. 2022 The dynamics of
dominance: open questions, challenges and
solutions. Phil. Trans. R. Soc. B 377, 20200445.
(doi:10.1098/rstb.2020.0445)

8

Phil. Trans. R. Soc. B 377: 20200432

69.

70. Milewski TM, Lee W, Champagne FA, Curley JP.
2022 Behavioural and physiological plasticity in
social hierarchies. Phil. Trans. R. Soc. B 377,
20200443. (doi:10.1098/rstb.2020.0443)
71. Shimoji H, Dobata S. 2022 The build-up of
dominance hierarchies in eusocial insects. Phil.
Trans. R. Soc. B 377, 20200437. (doi:10.1098/rstb.
2020.0437)
72. Dwortz MF, Curley JP, Tye KM, Padilla-Coreano N.
2022 Neural systems that facilitate the
representation of social rank. Phil. Trans. R. Soc. B
377, 20200444. (doi:10.1098/rstb.2020.0444)
73. Knoch S, Whiteside MA, Madden JR, Rose PE,
Fawcett TW. 2022 Hot-headed peckers:
thermographic changes during aggression among
juvenile pheasants (Phasianus colchicus). Phil.
Trans. R. Soc. B 377, 20200442. (doi:10.1098/rstb.
2020.0442)
74. Boucherie PH, Gallego-Abenza M, Massen JJM,
Bugnyar T. 2022 Dominance in a socially
dynamic setting: hierarchical structure and conflict

royalsocietypublishing.org/journal/rstb

66.

Acad. Sci. USA 93, 5797–5801. (doi:10.1073/pnas.
93.12.5797)
Alberts SC, Watts HE, Altmann J. 2003 Queuing and
queue-jumping: long-term patterns of reproductive
skew in male savannah baboons, Papio
cynocephalus. Anim. Behav. 65, 821–840. (doi:10.
1006/anbe.2003.2106)
Anderson JA et al. 2022 Distinct gene regulatory
signatures of dominance rank and social bond
strength in wild baboons. Phil. Trans. R. Soc. B 377,
20200441. (doi:10.1098/rstb.2020.0441)
Simons ND, Michopoulos V, Wilson M, Barreiro LB,
Tung J. 2022 Agonism and grooming behaviour
explain social status effects on physiology and
gene regulation in rhesus macaques. Phil.
Trans. R. Soc. B 377, 20210132. (doi:10.1098/rstb.
2021.0132)
Lewis RJ. 2022 Aggression, rank and power: why
hens (and other animals) do not always peck
according to their strength. Phil. Trans. R. Soc. B
377, 20200434. (doi:10.1098/rstb.2020.0434)

