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Animal groups are often organized hierarchically, with dominant individuals
gaining priority access to resources and reproduction over subordinate
individuals. Initial dominance hierarchy formation may be influenced by
multiple interacting factors, including an animal’s individual attributes,
conventions and self-organizing social dynamics. After establishment, hierar-
chies are typically maintained over the long-term because individuals save
time, energy and reduce the risk of injury by recognizing and abiding by estab-
lished dominance relationships. A separate set of behaviours are used to
maintain dominance relationships within groups, including behaviours that
stabilize ranks (punishment, threats, behavioural asymmetry), as well as
signals that provide information about dominance rank (individual identity
signals, signals of dominance). In this review, we describe the behaviours
used to establish and maintain dominance hierarchies across different taxa
and types of societies.We also review opportunities for future research includ-
ing: testing how self-organizing behavioural dynamics interact with other
factors to mediate dominance hierarchy formation, measuring the long-term
stability of social hierarchies and the factors that disrupt hierarchy stability,
incorporating phenotypic plasticity into our understanding of the behavioural
dynamics of hierarchies and considering how cognition coevolves with the
behaviours used to establish and maintain hierarchies.

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
Many animal social interactions are organized hierarchically based on dominance
rank. Dominance is typically defined as asymmetry in aggression by one
animal towards another animal [1,2]. However, the term dominance is used in
different ways across taxa and contexts. For example, in social insects, dominant
individualsmonopolize reproductionwithin their group, butmay not be involved
in aggressive competition [3,4]. More typically, dominance within groups is
defined as a long-lasting position associated with asymmetric aggression and pri-
ority access to physical or social commodities that increase fitness, including
food, water, shelter, space, receptive mates, alloparental care, etc [5]. In other
cases, dominance refers to individuals that win short-term dyadic contests [1].
The winner of dyadic contests gains priority access to resources or reproduction,
but there may be no long-term hierarchical relationship between the two competi-
tive individuals. In groups, there is variation in the structure of dominance
hierarchies [6]. Many social groups have linear or near-linear dominance
hierarchies. However, hierarchies need not always be linear [2,7]. Nonlinear
hierarchies with dominance reversals and intransitivities can also occur [8].

Much research on dominance relationships focuses on the initial establishment
of hierarchies. Initial rank is based, in large part, on intrinsic individual attributes
like resource holding potential (RHP) or motivation [9–11]. Individual attributes
are assessed via direct agonistic interactions, signals of fighting ability and social
information acquired by watching the interactions of others [12,13]. Other factors
such as conventions and social dynamics also play a role in hierarchy formation
[14,15]. The relative importance of individual attributes, conventions and social
dynamics in the establishment of hierarchies vary across taxa and social contexts.
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Figure 1. Mechanisms involved in establishing and maintaining dominance
hierarchies. Establishing dominance. Individual attributes are traits such as
RHP and/or motivation, assessed via aggressive interactions, signals of fight-
ing ability and social information (e.g. claw waving displays provide
information about fighting ability during contests between rival crabs
[22]). Conventions are unique attributes that single out an individual as
the next dominant without reflecting intrinsic characteristics that allow indi-
viduals to win contests (e.g. maternal rank inheritance in baboons [23]). Self-
organizing social dynamics are social processes at the group level that
increase hierarchy linearity (e.g. fishes that interact in groups are more
likely to form transitive dominance relationships than fishes that only interact
in dyadic contests [14]). Maintaining dominance. Signals of dominance
provide information about dominance rank (e.g. dominant ant queens
have cuticular hydrocarbons that provide information about rank and influ-
ence queen/worker interactions [24]). Signals of individual identity are
unique phenotypes that receivers learn and associate with individual-specific
information about the sender like dominance rank. (e.g. Polistes fuscatus
wasps learn the dominance rank of individuals via aggressive contests and
social eavesdropping and associate rank information with the unique facial
patterns of conspecifics [25,26]). Behavioural mechanisms help dominants
maintain their rank like threats, punishment and self-reinforcing behavioural
mechanisms (e.g. in meerkats, dominants aggressively evict subordinates that
try to reproduce [27]. (Online version in colour.)

(b)
(a) (c)

Figure 2. Three common ways animals assess the individual attributes of
conspecifics. (a) Signals of fighting ability. Platysaurus broadleyi signal fight-
ing ability with UV throat coloration [31]. (b) Competitive interactions.
Panthera leo fight with rivals. (c) Social information. Xiphophorus helleri
gain information about the fighting ability of potential rivals by observing
and remembering how conspecifics behave during contests with other indi-
viduals [32]. (Online version in colour.)
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In large or unstable groups with repeated, low-stakes
competitive interactions, individuals repeatedly establish dom-
inance relationships without necessarily forming persistent
hierarchies. However, in taxa that live in smaller groups with
consistent membership, hierarchies are typically maintained
over the long term. Continued conflict over rank is costly
(e.g. time, energy, risk of injury) [16,17]. As a result, stable hier-
archies are favoured. Hierarchies are maintained via social
dynamics like punishment and threats [18,19] aswell as signals
that provide information about rank, including signals of
individual identity and dominance [20,21].

In this review, we describe the behaviours used to estab-
lish and maintain dominance hierarchies (figure 1). Some
behaviours are involved in both establishing and maintaining
hierarchies. For example, differences in fighting ability influ-
ence initial rank formation and longer term rank maintenance
[9]. Other behaviours are only involved in a single context.
For example, signals of fighting ability influence dominance
rank establishment, but are not involved in maintaining hier-
archies within groups of known individuals [28–30]. We also
describe how factors like group size, consistency of group
membership, the costs and benefits of hierarchy position
and individual cognitive capacity influence the behaviours
involved in hierarchy formation and maintenance. Finally,
we highlight several approaches and opportunities for
future research on dominance hierarchies.
2. Establishing dominance relationships
(a) Individual attributes
The individual attributes of interacting individuals have a
strong and consistent effect on dominance rank (figure 2).
The most straightforward way to establish dominance is
through competitive dyadic interactions with rivals. Individ-
uals with greater RHP and/or motivation are more likely to
win fights and become dominant than individuals with
lower RHP and/ormotivation [9,33]. RHP, or fighting capacity,
is based on a composite of many morphological, physiological
and behavioural traits (e.g. weapons, body size, skill, hor-
mones, fat reserves, etc.) [34]. As a result, many RHP-linked
attributes are associated with dominance rank, including
body size [35,36], age [35], personality [37], hormone titres
[38] and physical condition [39]. Motivation in contests is influ-
enced by individual state, context and the pay-off individuals
receive for winning a contest. Highly motivated individuals
will invest more in attaining high dominance rank than less
motivated individuals. For example, a hungry individual will
be more motivated and fight harder than a satiated individual
during competition over food. An individual defending a nest
with offspring will be more motivated than an individual
defending a potential nesting site. Establishing dominance
ranks through direct contests is costly in terms of time,
energy and potential physical damage, or death [40,41]. Never-
theless, dyadic contests ultimately guide the establishment of
social dominance hierarchies in many species.

The outcome of contests over dominance rankmay be influ-
enced by an individual’s own RHP or the difference in RHP
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Figure 3. Signals involved in dominance hierarchy establishment and maintenance. (Online version in colour.)
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between rivals [42,43]. Some animals persist in contests based
on their own abilities such that individuals with low RHP
give up before individuals with high RHP (self-assessment).
Other animals compare their own abilities with the abilities
of their rival (mutual assessment). Self-assessment is less accu-
rate thanmutual-assessment but is also simpler [42,43].Mutual
assessment may require substantial time, energy and cognitive
resources to process the cues and signals that provide infor-
mation about an opponent’s fighting ability [43]. A large
body of literature has investigated the mechanisms used to
determine contest outcomes, finding that self-assessment is
more common than mutual assessment [43–45], but even ani-
mals thought to have limited cognitive capacity are capable
of mutual assessment [45,46].

Some animals minimize the cost of conflict by using signals
of fighting ability to directly assess rivals. Signals of fighting
ability provide information about RHP and/or motivation
during a contest and the signals alter receiver behaviour
(figure 3) [28,47]. Receivers are more likely to avoid or submit
to rivals that signal high fighting ability than individuals
that signal low fighting ability. Signals of fighting ability are
widespread across taxa and sensory modalities. For example,
fighting ability is signalled by call frequency in frogs, black
facial spots in paper wasps and claw size in crabs [46,48,49].
Some signals are inherently linked with fighting ability. For
example, weapons like antlers or claws signal high fighting
ability andweapons also directly influence an individual’s abil-
ity to win a fight. As a result large weapons always signal high
fighting ability. Other signals of fighting ability are termed ‘con-
ventional signals’ because they provide information about
fighting ability but there is no logical, a priori, link between
the signal phenotype and the information the signal conveys
[50]. For example, soft song is a signal of aggressive intent in
some songbirds, though there is no required link between
aggression and singing quietly [51]. Some taxa even have mul-
tiple different traits that are used as conventional status signals
in different contexts [52]. Although there has been some debate
about the accuracyof conventional signals, there is growing evi-
dence that conventional signals provide reliable information
about fighting ability and/or aggressive motivation and often
mediate conflict over rank [28].

The individual attributes of rivals can also be assessed
indirectly using social information. For example, during
social eavesdropping, bystanders gain information about the
agonistic ability of particular rivals by observing and remem-
bering how conspecifics behave during contests with other
individuals [53,54]. For example, contest behaviour of Polistes
fuscatus wasps is influenced by observing fights between con-
specifics. Wasps are less aggressive towards individuals they
observed initiate more aggression and receive less aggression.
Control trials illustrate that the link between bystander
behaviour and observed aggression is caused by social eaves-
dropping rather than alternative behaviours like winner/loser
effects or cueing on physical traits (e.g. size) [25]. Social
eavesdropping occurs in many birds, fishes and primates.
Individuals often change their contest behaviour based on
information about fighting ability obtained by watching or
listening to interactions between others [32,55,56].

Social eavesdropping may be facilitated by ‘victory dis-
plays’, stereotyped behaviours performed by winners
following fights that advertise the outcome of a contest to
observers [57,58]. For example, little blue penguins give vic-
tory calls after they win a fight. Experimental playback of
victory calls suggests that advertising victories may help
males develop a reputation for winning fights within the
social group, potentially reducing the likelihood of being
challenged by eavesdroppers in future contests [59]. Victory
displays are widespread, though less research has tested the
functional consequences of these displays. Additional research
will be useful to assess whether victory displays commonly
play a role in social eavesdropping.

Some taxa combine social information and transitive
inference to make inferences about the likely fighting ability
of individuals without directly observing all potential
fights. For example, if A dominates B, and B dominates C,
then you can make the inference that A will probably domi-
nate C, even if A and C have never been observed interacting.
Transitive inference was originally thought to be based on
logical deduction and confined to taxa with ‘advanced’ cog-
nitive abilities like primates [60]. More recent work has
shown that transitive inference occurs in many social species,
including primates, birds, fishes and paper wasps [60–62].
Transitive inference may be favoured in social species with
linear dominance hierarchies because it allows animals to
keep track of dominance relationships while minimizing
direct conflict. Further, hierarchies may form much more
quickly when animals use transitive inference and social
observation to assess rival ranks than when ranks are
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determined via direct aggressive competition [63]. Consistent
with transitive inference providing a benefit during hierarchy
formation, social complexity is linked with the capacity for
transitive inference [64,65]. For example, highly social
pinyon jays have more accurate transitive inference abilities
than less social western scrub-jays [64].

Although many taxa use social eavesdropping and transi-
tive inference to minimize conflict over dominance, there are
cognitive costs associated with social information use. Social
eavesdropping involves learning and remembering unique
individuals, observing interactions, making appropriate
deductions and remembering those deductions [53,54]. Social
eavesdropping also requires animals to adopt a non-egocentric
perspective and assess interactions they do not directly partici-
pate in. Keeping track of a broad network of social interactions
has potential to dramatically increase the cognitive challenges
of social life compared with only keeping track of personal
interactions [66]. As a result, social information use influences
cognitive evolution. Species that keep track of many individu-
ally differentiated social relationships often have larger brains
and/or enhanced cognitive capacity compared with other
species [67–70]. Within-species variation in cognitive per-
formance may also be linked with social knowledge. For
example, Australian magpies that live in larger social groups
performed better on multiple intelligence tests than birds
from smaller groups, suggesting that keeping track of others’
social relationships may influence general intelligence [71].

Thus far, it is unclear how cognitive costs limit which taxa
use social information. Social information use is common in
taxa with ‘advanced’ cognitive capacity like primates, but
taxa with relatively small brains like paper wasps and
fishes are also capable of social eavesdropping and transitive
inference [25,54,60–62]. Therefore, brain size does not strictly
limit social information use. There are exciting opportunities
for future research exploring the relationships between dom-
inance, social information use and cognitive evolution across
taxa and social contexts [72].
(b) Conventions
Dominance rank can also be acquired through conventions. In
societies with convention-based dominance, individuals have
unique attributes that single them out as the next dominant,
(e.g. age, tenure in a group or maternal rank) without reflecting
intrinsic characteristics that allow individuals to win contests
[73,74]. For example, some social insects determine dominance
based on the seniority convention. The oldest worker is the
most dominant and will take over if the queen disappears
[15,75]. ‘Nepotistic hierarchies’ are common dominance conven-
tions where dominance rank is inherited from the mother.
Juveniles acquire status immediately below their mother, with
younger offspring outranking older siblings [76]. Although
nepotistic hierarchies are considered convention-based, rank
inheritance depends on support from mother, kin and coalition
members to ensureoffspring acquire the appropriate rank [77,78].

There has been a long-standing interest in the evolution-
ary stability of dominance conventions. If high dominance
rank is beneficial and rank is not based on intrinsic attributes,
what prevents individuals with high fighting ability from
ignoring the convention and asserting their dominance?
One explanation is that conventions are more likely to
occur when the costs of competition over dominance rank
outweigh the benefits of high dominance rank [79]. For
example, conventions are particularly common in taxa that
live in long-term social groups with many relatives because
there are both direct and indirect fitness costs to group con-
flict (e.g. primates, social insects) [75,78]. Conventions may
also be more likely to mediate dominance when there are
weaker benefits of high dominance rank. For example, meer-
kats aggressively compete over rank rather than relying on
conventions. Reproductive success is strongly influenced by
rank because dominant meerkats kill the offspring of subor-
dinates [80]. By contrast, savannah baboons use convention-
based hierarchies and individuals of all ranks reproduce
[81,82]. In chimpanzees, females largely use a seniority con-
vention for social status in the female hierarchy, while
males aggressively compete for status in the male hierarchy.
The sex difference in behaviours chimpanzees use for hierar-
chy formation may occur because male reproductive success
is strongly influenced by rank, while female social status is
more strongly influenced by longevity than rank [83].

In some societies with convention-based hierarchies,
aggressive competition also influences hierarchy position
[78]. For example, rank in hyenas is inherited from the
mother, but maintaining a particular rank requires support
from kin and other coalition members. Without sufficient
coalitionary support, dominance reversals can occur [77].
Therefore, rank may often be influenced by a combination of
conventions and competition rather than purely conventions.
(c) Self-organizing social dynamics
Recent research suggests that self-organizing social dynamics
play a role in establishing linear dominance hierarchies. In a
dominance hierarchy, individuals are arrayed in a line from
most to least dominant; individuals are dominant to those
below them in the hierarchy and subordinate to those
above them in the hierarchy. In most social groups, domi-
nance hierarchies are more linear than expected by chance
[84]. Some of this linearity is owing to differences in individ-
ual attributes, as described above. However, a growing body
of literature suggests that at least some of the linearity in
dominance hierarchies occurs because of social processes
that go beyond dyadic contests [8]. For example Chase et al.
[14], experimentally demonstrated that social interactions
between group members facilitate the formation of highly
linear hierarchies in Metriaclima zebra fish. When fish interact
in groups, nearly all groups formed linear dominance hierar-
chies. When fish interact in dyadic, round-robin competition
alone, without any group interactions, only half the hierar-
chies were linear. Field studies in Pukeko birds also suggest
that social interactions enhance the formation of orderly
dominance hierarchies. Birds are more likely to form transi-
tive dominance relationships (A dominates B, B dominates
C, A dominates C) than cyclical relationships (A dominates
B, B dominates C, but C dominates A). Their results suggest
that dominance ranks are at least partially based on structural
dependence between relationships rather than individual
attributes alone [85].

Winner–loser effects are one key mechanism by which
social interactions facilitate the formation of linear dominance
hierarchies. Winner–loser effects mean that winners are more
likely to win future encounters with any individual and
losers are more likely to lose [86]. Winner–loser effects can
occur when contest experience influences fighting behaviour
or physiological traits like androgen titers [86]. Theory
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suggests winner–loser effects will generate linear dominance
hierarchies via self-organizing dynamics, even without indi-
vidual differences in intrinsic abilities [87]. Empirical work
has shown that winner–loser effects occur in many species
[86,88] and may contribute to stable dominance hierarchies
[89,90]. Initial differences between individuals based on
intrinsic attributes or random conditions are amplified with
each social interaction, leading to stable, linear rankings.
Intriguingly, the occurrence of winner and loser effects
varies within and between species based on factors like
social context [91,92] and genotype [89], suggesting that
winner–loser effects may not be an inevitable consequence
of competition. Instead, winner–loser effects may be an adap-
tive mechanism that minimizes conflict and stabilizes social
relationships in situations where they are beneficial.

Winner–loser effects are unlikely to account for all patterns
of self-organization in dominance hierarchies, so additional
behaviours probably play a role. Bystander effects and loca-
lized social network properties have been proposed as
potential mechanisms [8]. In taxa with bystander effects, an
animal that observes a dominance contest between two
others behaves differently than a non-observer when it meets
the interactants [93]. Bystander effects are common across
diverse taxa and encompass multiple specific behaviours.
Priming occurs when observing any contest alters future con-
test behaviour. For example, bystander fish that observe
contests between conspecifics are ‘primed’ to be more aggres-
sive and more dominant than naive fish that do not observe
contests [94]. Social eavesdropping occurs when individuals
observe and remember the behaviour of specific individuals
[13,53,94]. Some bystander effects, like social eavesdropping,
may primarily influence dominance relationships by providing
information about individual attributes, while other bystander
effects, like priming, may mediate dominance relationships
without involving assessment of individual attributes.
Highly localized social network properties also mediate dom-
inance hierarchies. Factors like aggressive state, fighting
success, social status, motivation and random conditions influ-
ence rank via social feedback loops rather than having static
effects on rank [95,96]. As a result, initial small differences
between individuals are amplified over time via feedback
loops, leading to differentiated ranks.

Given the accumulating evidence that dominance is influ-
enced, in part, by self-organizing social dynamics, additional
research will be important to understand both the behaviours
that underlie these patterns [95] as well as the circumstances
where self-organizing social dynamics are more versus less
important. For example, social dynamics may be more
likely to influence dominance hierarchies when orderly dom-
inance hierarchies are beneficial [97]. In group-living taxa,
orderly, stable dominance relationships minimize aggression
and improve efficiency [16,17,98], so self-organizing domi-
nance hierarchies may be common. Large groups that lack
orderly hierarchies or groups where rank instability is less
costly may be less likely to have self-organizing dynamics.
3. Maintaining dominance relationships
After dominance hierarchies are established, other mechanisms
are used to maintain hierarchy stability. Maintaining stable
dominance hierarchies is particularly valuable in taxa that live
in small groups with consistent membership. Social instability
has negative effects on traits like reproductive success, offspring
survival, stress responses and longevity [16,17]. For example,
zebra finches in flockswith an established dominance hierarchy
are more efficient foragers because stable social relationships
improve the coordination and synchronization of foraging
groups [99]. Subordinates sometimes aggressively test domi-
nants because subordinates would benefit if they rose in rank
[100]. Accordingly, individuals may preferentially direct
aggression towards individuals immediately below themselves
in the hierarchy [101] to avoid such rank reversals. However,
individuals in stable groups typically recognize and abide by
established dominance relationships because of the costs of
repeated conflict.

Empirical work indicates that dominance hierarchies are
largely stable. Challenges by subordinates are rare and domi-
nants often maintain their status for much of their lifetime
[81,102–104]. Often, long periods of hierarchy stability are
interspersed with short periods of competition following
the death of dominant or other changes in group membership
[105]. Strauss & Holekamp [77] used 27 years of field data to
show that rank reversals are relatively uncommon in hyena
groups, but some individuals can improve their position in
the hierarchy by working together with top allies. The stab-
ility of dominance hierarchies has also been studied by
experimentally inducing conflict over rank. Cant et al. [106]
experimentally induced conflict in groups of queen wasps
by removing the dominant queen, allowing a subordinate
to take over as the new dominant, then releasing the original
dominant. In 34 of 35 trials, the original dominant retook her
dominance position. Future research using long-term field
observation and experiments inducing conflict over rank
will provide additional insight into the long-term stability
of dominance ranks and the factors that influence hierarchy
stability [79].

There are two types ofmechanisms that maintain hierarchy
stability. First, multiple behaviours maintain the supremacy of
the dominant, including punishment, threats and self-reinfor-
cing behavioural differences. Second, social taxa have signals
that provide information about rank and maintain stable
hierarchies, especially individual identity signals and signals
of dominance.
(a) Behaviours that maintain hierarchies
Dominants maintain their rank through threats, punishment
and self-reinforcing behavioural mechanisms. A range of
threat behaviours including dominance displays and minor
aggression may maintain dominance relationships by provid-
ing information about an impending threat of eviction or
attack by the dominants toward subordinates [18,107]. Threats
are easily overlooked by researchers becausemany threat beha-
viours are subtle and effective threats rarely need to be carried
out. Therefore, although threats may play key a role in main-
taining dominance hierarchies [18,107], we have less direct
experimental evidence of threats than other dominance
maintaining behaviours.

While subtle threats can be difficult to quantify, there is
strong evidence that punishment is involved in maintaining
dominance hierarchies. We use Clutton-Brock’s definition of
punishment [19], retaliatory infliction of fitness reduction.
Dominants punish subordinates via numerous behaviours,
including eviction, aggression, social stress and infanticide.
For example, some fishes have size-based dominance
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hierarchies where subordinates restrain their growth to main-
tain a minimum size difference between dominants and
subordinates. When researchers created groups where the
difference between dominant and subordinate sizewas smaller
than the minimum difference observed in natural groups,
dominants responded by forcibly evicting subordinates [108].
In taxawhere dominantsmonopolize reproduction, dominants
may punish subordinates attempting tomaintain higher repro-
ductive potential with aggression or by killing their eggs or
offspring [19,39]. For example, subordinate wasps experimen-
tally forced to maintain high reproductive potential are
aggressively attacked by dominants [109]. Finally, subordinates
that fail to contribute to the group byavoiding alloparental care
or foraging may be aggressively attacked by dominants [110].

Dominance hierarchies can also be maintained without
direct punishment or threats by dominants. In fact, domi-
nance hierarchy position is often self-reinforcing because
there are rank-linked disparities in feeding, work, and phys-
ical condition [111]. Dominants typically have priority access
to food resources [102,103,112,113]. Access to more, higher
quality food will accentuate initial differences in RHP or fer-
tility between dominants and subordinates. In many taxa,
subordinates also perform energetically expensive tasks like
foraging more frequently than dominants [102,103,114]. The
disparities between dominants and subordinates maintain
reproductive and behavioural dominance hierarchies, so it
is more difficult for individuals to increase their rank after a
prolonged period as a subordinate.
(b) Signals that provide information about dominance
rank

(i) Individual identity signals
The most common way to identify dominance rank in stable
groups is individual recognition (figure 3) [20]. During indi-
vidual recognition, receivers learn the unique phenotype of
conspecifics (termed individual identity signals), associate
the phenotype with individual-specific information and
recall the phenotype-information link during subsequent
interactions [20]. Learning the unique phenotype and domi-
nance rank of conspecifics provides a precise, non-cheatable
method of assessing dominance relationships [115]. As a
result, individual recognition plays an important role in
dominance interactions in diverse taxa [20].

Individual recognition is a nearly universal mechanism
involved in dominance relationships in vertebrate taxa
where there are repeated interactions between a limited
number of individuals. For example, individual recognition
via plumage and calls is thought to maintain hierarchies in
many stable bird flocks [116]. Primates individually identify
group members using visual, olfactory and acoustic infor-
mation [66]. Many taxa have surprisingly sophisticated
knowledge about other individuals and their dominance
relationships. For example, ravens know the unique calls
and relative dominance ranks of individuals in their own
group and neighbouring groups [117]. Baboons learn the
individual identity of all group members and classify indi-
viduals according to both rank and kinship [118].
Individual recognition also occurs in invertebrates, though
it is less widespread than vertebrates. Lobsters and crayfish
use unique odours to maintain stable relationships with terri-
torial neighbours [119]. Polistes fuscatus wasps learn the
unique facial patterns and of many rivals and remember
individual rivals over a week of separation [26,120].

Using individual recognition to keep track of dominance
relationships is thought to have substantial cognitive costs.
Individual recognition may be more costly than other types
of recognition because it requires precise perception, learning
and memory. Developing and maintaining the sensory and
nervous tissues required to assess and remember individual
identity signals involves constitutive costs [121,122]. For
example, P. fuscatus wasps have visual and cognitive adap-
tations to facilitate individual recognition [123–125]. There
are also operating costs associated with learning the unique
features of many individuals, including the time, energy
and resources required to collect, store and recall information.
Long-term memory formation also reduces immunity,
survival and fecundity [126,127].

The cognitive challenge of keeping track of many individ-
uals has long been thought to play a key role in the evolution
of brain size and cognitive abilities (social intelligence
hypothesis). The social intelligence hypothesis proposes that
enhanced cognition is favoured in species that live in complex
societies because individuals with superior cognitive capacity
can keep track of more individual relationships and respond
appropriately during interactions [66,128,129]. Consistent
with the social intelligence hypothesis, species that keep
track of more individually differentiated social relationships
often have larger brains, brain regions or enhanced cognition
compared with species that have less complex social behav-
iour [68–70]. Although there is strong evidence that social
behaviour influences cognition, social behaviour is only
one of multiple selection pressures that shapes cognitive
evolution [130,131].

Individual recognition often maintains dominance
relationships in vertebrate groups when a limited number of
individuals interact repeatedly, but the use of individual recog-
nition is highly context-dependent. For example, Gelada
baboons individually recognize close group members, but do
not individually identify all the individuals they regularly
encounter [118]. Many birds use individual recognition to
mediate dominance relationships in small, stable groups,
but the same species use status signals to assess rivals in
large, unstable groups [29,30]. Polistes fuscatus nest-founding
queens use individual recognition in multiple social contexts,
but workers are much less adept at individual recognition
and rely primarily on signals of dominance [132]. These studies
highlight the importance of testing recognition in multiple
social contexts instead of assuming that recognition measured
in a single situation is universally applicable. As a result, there
is much room for future work exploring what animals know
about themselves and other individuals as well as how this
social knowledge varies across contexts.
(ii) Signals of dominance
Signals of dominance provide information about the signaller’s
dominance status and also influence receiver behaviour
(figure 2). Chemical signals of dominance are ubiquitous in
social insects. Dominance in social insect colonies is commonly
defined as the individual that monopolizes reproduction [3],
so dominance signals provide information about queen
fertility and dominance rank [133–135]. Dominance signals
also influence the behaviour of nest-mates, asworkers and sub-
ordinate queens limit their own fertility in response to the
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queen’s dominance signal [21]. Dominance is inherently rela-
tional, so the phenotype of reliable signals of dominance
change as an individual’s rank changes. For example, if a
new individual takes over as the dominant queen, her chemical
profile becomes queen-like [136].

Signals of dominance are a straightforward mechanism to
rapidly and accurately assess dominance rank with relatively
little cognitive investment. Responding appropriately to sig-
nals of dominance requires little learning and memory.
Instead, individuals may treat any individual with a particular
signal phenotype as the dominant without needing to learn the
specific phenotype of their dominant. Consistent with a con-
served receiver response, dominance signals in social insects
are similar across at least three independent origins of eusocial-
ity and may have originated as fertility cues in the common
solitary ancestor of all ants, bees and wasps, which lived
approximately 145 Ma [135]. Although a few insects are
capable of individual recognition [26,137], current work
suggests that social insects primarily rely on dominance signals
tomaintain stable hierarchies on nests. Dominance signals pro-
vide a straightforward way to identify rank with lower
cognitive cost than individual recognition [132].

‘Dominance signals’, ‘status signals’ and ‘signals of fighting
ability’ are terms that are sometimes used interchangeably, but
they are quite distinct (figure 3). Signals of dominance are flex-
ible traits that provide information about current dominance
status, but not an individual’s intrinsic fighting ability or
RHP. Status signals or signals of fighting ability provide infor-
mation about aspects of intrinsic ability like RHP [28,47]. Status
signals are used to minimize conflict during dominance estab-
lishment and are often correlated with dominance rank.
However, status signals do not provide information about
rank per se. Polistes dominula paper wasps have both chemical
signals of dominance and visual signals of status. On stable
nests, Polistes use chemical signals to assess which individual
is the dominant queen and chemical signals of dominance
change as an individual’s rank changes [138,139]. Polistes dom-
inula also have visual signals that are used to assess the fighting
ability of unknown rivals. The visual signals of fighting ability
probably minimize the cost of conflict by allowing individuals
to avoid escalated conflict with strong rivals [46,140]. Signals of
fighting ability are one of multiple factors that mediate domi-
nance hierarchy establishment, but they are not involved in
maintaining hierarchies on nests. In fact, wasps ignore visual
status signals on stable nests [141].
4. Opportunities for future research
Dominance hierarchies have been the focus of much research
in the 100 years since Schjelderup-Ebbe’s [2,142] pioneering
work in domestic fowl. It has become clear that dominance
relationships are common in social taxa, as they provide a
way for interacting animals to manage the trade-offs inherent
in social interactions. New methods and analyses have facili-
tated recent advances in our understanding of the diversity
and complexity of dominance interactions [77,143,144].
Here we review several approaches and opportunities for
future research on dominance hierarchies.

(a) Self-organizing social dynamics
While it is clear that individual attributes have a huge effect
on dominance hierarchy position, less is known about how
other factors, especially self-organizing social dynamics,
interact with individual attributes to influence rank [8].
This topic was tackled in wild baboons, finding that
baboon hierarchies are based on both individual differences
in fighting ability and winner–loser effects [89]. Notably, indi-
vidual susceptibility to both mechanisms may have a genetic
basis, suggesting that self-organizing dynamics co-evolve
with individual attributes. Additional theory and exper-
iments will be useful to test whether there are certain types
of societies where self-organizing dynamics are more versus
less important. For example, self-organization may be more
important in societies where orderly hierarchies with transi-
tive properties are most beneficial. By contrast, large or
unstable social groups may be less likely to have self-organiz-
ing social dynamics. Newer network analysis methods will
allow us to consider the role of self-organization in a way
that was not previously possible [145].

(b) Hierarchy stability
Thus far, there has been more research on the factors that
influence dominance hierarchy establishment than the factors
involved in maintaining hierarchy stability [146]. Both theor-
etical and empirical work suggests that maintaining stable
social hierarchies is fundamental to successful, long-lasting
social groups. Hierarchy stability reduces conflict, saves
energy, promotes survival and increases reproductive success
[16,17,99,147]. At the same time, it is clear that there is exten-
sive variation in both the stability of hierarchies and the
factors that maintain stability. We have much to learn about
the types of hierarchies that are the most stable as well as
the factors that disrupt stability. Experiments can provide
insight into both the behaviours that maintain social stability
and the potential costs of instability. For example, when the
queen Streblognathus peetersi ant is treated with a hormone
that alters the queen’s signal of dominance and fertility,
queens are aggressively removed from their position as domi-
nant and a new individual takes over as queen [148].
Network analyses also offer new opportunities to analyse
the nuances of hierarchy structure as well as how and why
stability varies [84,144,149].

(c) Plasticity
Animal behaviour is highly plastic, with individuals expres-
sing different behavioural phenotypes in response to
differences in the social environment, ecology or an individ-
ual’s internal state [150] but see [151]. The mechanisms
involved in dominance hierarchies are unlikely to be static.
Instead, the way animals establish and maintain hierarchies
may vary with traits like ecology (e.g. habitat saturation,
food availability), social behaviour (e.g. group size, group con-
sistency, costs and benefits of dominance rank) or individual
characteristics (e.g. age, RHP, cognition, experience, genotype).
Although relatively little is known about intra-specific plas-
ticity in hierarchy formation and maintenance, there is some
intriguing evidence of plasticity [152]. For example, the
strength of winner/loser effects varies with the social environ-
ment [89,91,92], suggesting that the role of self-organizing
social dynamics in hierarchy formation may also vary. In
addition, animals communicate about dominance in different
ways across different social contexts [29,30,116]. For example,
P. fuscatus nest-founding queens use individual recognition
to identify the rank of conspecifics prior to nest foundation
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[25,26], while workers largely ignore individual identity sig-
nals [132]. Instead, workers probably use chemical signals of
dominance to assess dominance rank on stable nests [139].
Plasticity can be an experimental challenge because it is diffi-
cult to draw broad conclusions based on research conducted
in a single situation. However, plasticity also presents exciting
experimental opportunities to examine how and why
dominance behaviour varies.

(d) Cognition
Cognition has an important role in the behaviours used to
establish and maintain hierarchies. Although there is debate
about what constitutes ‘advanced’ versus ‘simple’ cognitive
tasks, it is clear that there is variation in how much learning,
memory, sensory perception, abstraction and deduction are
required for different dominance behaviours. For example,
self-assessment during fights and signals of dominance are
traditionally considered to be cognitively simple behaviours,
while individual recognition, transitive inference, social
eavesdropping and mutual assessment during fights are typi-
cally considered more cognitively challenging tasks. The
capacity for cognitively sophisticated behaviour was orig-
inally thought to be limited by taxonomic group or brain
size. However, there is growing evidence that behaviours tra-
ditionally considered to be complex are used by diverse taxa
[141,153]. For example, Mantis shrimp use mutual assess-
ment [154]. Astatotilapia burtoni fish are capable of social
eavesdropping and transitive inference [62]. Polistes paper
wasps use individual recognition, social eavesdropping,
transitive inference and mutual assessment to manage
dominance relationships [25,46,61]. Therefore, we need to
think about the cognitive challenge of apparently complex
behaviours in more nuanced ways.

There is much room for future work at the intersection of
dominance and cognition [66,72,143]. First, we have much to
learn about animals’ capacity for complex social knowledge
and how this knowledge influences social relationships.
For example, what do animals know about themselves and
other individuals? How does this social knowledge vary
across contexts? How do differences in social knowledge
influence the way animals form and maintain hierarchies?
Second, we need a more nuanced perspective on the cogni-
tive costs or limitations associated with the behaviours
involved in hierarchy formation and maintenance. It is clear
that learning, memory and sensory systems involve substan-
tial costs [122,126] and the challenge of keeping track of
dominance relationships can influence cognitive evolution
[67–70]. However, animals could also minimize the costs by
using simple mechanisms to mediate apparently complex
behaviours [153,155].
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