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Individuals occupying dominant and subordinate positions in social hierar-
chies exhibit divergent behaviours, physiology and neural functioning.
Dominant animals express higher levels of dominance behaviours such as
aggression, territorial defence and mate-guarding. Dominants also signal
their status via auditory, visual or chemical cues. Moreover, dominant
animals typically increase reproductive behaviours and show enhanced
spatial and social cognition as well as elevated arousal. These biobehavioural
changes increase energetic demands that are met via shifting both energy
intake and metabolism and are supported by coordinated changes in phys-
iological systems including the hypothalamic–pituitary–adrenal and
hypothalamic–pituitary–gonadal axes as well as altered gene expression
and sensitivity of neural circuits that regulate these behaviours. Conversely,
subordinate animals inhibit dominance and often reproductive behaviours
and exhibit physiological changes adapted to socially stressful contexts.
Phenotypic changes in both dominant and subordinate individuals may
be beneficial in the short-term but lead to long-term challenges to health.
Further, rapid changes in social ranks occur as dominant animals socially
ascend or descend and are associated with dynamic modulations in the
brain and periphery. In this paper, we provide a broad overview of how be-
havioural and phenotypic changes associated with social dominance and
subordination are expressed in neural and physiological plasticity.

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
Social dominance hierarchies are one of the most well-understood forms of social
organization and have been studied in a broad range of species, including insects,
fish, birds, mammals and humans [1]. Dominance hierarchies emerge when
individuals compete for access to resources (e.g. food, territory and mates),
with more dominant individuals being able to monopolize access over subordi-
nates and thereby attaining fitness benefits [2]. The individual behaviours used
to establish, enforce and maintain hierarchies can vary across species but gener-
ally involve agonistic interactions and non-contact behaviours that serve as
signals of social status [1,3]. Through these behaviours, dominance hierarchies
form and can remain stable over time. This stability coincides with significant
short- and long-term physiological, neurobiological and behavioural changes
associated with social rank that allows organisms to adjust dynamically to the
social environment.

In this paper, wewill highlight literature that illustrates the dynamic biological
and behavioural plasticity exhibited by dominant and subordinate vertebrates
within a social hierarchy, including behavioural phenotypes, signals used to
communicate status, changes to reproduction and altered energy metabolism.
We are primarily concerned with findings from social hierarchies that consist of
dominance relationships between groups of related and unrelated individuals
rather than dominance relationships restricted to dyads or only family groups.
Though this plasticity may support the formation and maintenance of a social
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hierarchy, there are costs associated with these changes that can
impact health. We will consider these costs as well as the plas-
ticity that occurs when stability of a hierarchy is disrupted
through social ascent or descent of dominant individuals. Our
goal with this paper is to provide a broad overview and intro-
duction to these topics, each of which has its own substantial
literature. Although it is not possible to exhaustively describe
all relevant studies, overall, we emphasize the capacity of
dominant and subordinate animals to behaviourally and
physiologically shift in response to social and environmental
changes. We provide examples across vertebrate taxa, focusing
most heavily onwork in primates, cichlid fish andmice to high-
light the intricate associations in plasticity across various
physiological and behavioural domains.
il.Trans.R.Soc.B
377:20200443
2. Plasticity in dominant animals
(a) Biobehavioural changes
In attribute-based hierarchies (i.e. dominance ranks are deter-
mined through individual physical or behavioural qualities)
and convention-based hierarchies (i.e. dominance ranks are
determined through age, tenure in a group or inheritance of
mother’s rank), the expression of aggression is generally a
defining characteristic of individuals that maintain dominant
social status [4]. Levels of aggression are typically highest
during dominance relationship formation [5,6], particularly
in attribute-based hierarchies. As hierarchies stabilize,
agonism tends to decline among all individuals resulting in
energy conservation and reduction in potential for physical
injury. For example, in wild geladas (Theropithecus gelada),
unfamiliar conspecifics engage in a series of transitory
aggressive encounters during rank formation shifting to
affiliation behaviours once social relationships are established
[7]. However, even in stable hierarchies, dominant animals
continue to enforce their status through aggression as well
as intimidation and signals [8].

The neurobiological and neuroendocrine mechanisms that
support the expression of aggressive behaviours and promote
dominance have been well-characterized across a number of
species [9,10]. A highly conserved vertebrate subcortical core
aggression circuit (CAC) comprised of four major intercon-
nected brain nuclei: medial amygdala, bed nucleus of stria
terminalis, ventrolateral region of the ventromedial hypothala-
mus (VMHvl) and ventral region of the premammillary
nucleus (PMv), is critical to the expression of dominant behav-
iour across species. The CAC receives species-specific inputs
from sensory pathways and promotes aggressive behaviours
through outputs to midbrain premotor areas. Importantly,
this CAC is under strict top-down control and can be modu-
lated via cortical pathways. In more dominant animals,
aggression-provoking sensory cues activate the CAC, whereas
in more subordinate animals, the CAC is inhibited to avoid the
inappropriate expression of aggression. This circuit may be up-
or downregulated in the same individual depending upon the
concurrent social interaction. In stable hierarchies, changes to
the sensitivity of the CAC are likely to result from long-lasting
modifications within neurotransmitter and steroid systems.

Variation in nonapeptide, monoamine and steroid hor-
mone receptor distribution in the brain is associated with
dominant social status [5,11–13]. The relationship between ser-
otonergic functioning and dominance appears to be context-
and species-specific. For example, enhanced serotonergic
functioning increases fight durations in dominant crustaceans
[11] but reduces dominance behaviours inmice (Musmusculus)
[14]. Dominant male vervet monkeys (Chlorocebus pygerythrus)
have elevated serotonin levels in plasma compared to subordi-
nates [15], and pharmacologically increasing serotonergic
signalling in subordinates leads to higher social rank attain-
ment; though this is achieved by reducing aggression and
increasing affiliative behaviours [16]. For other modulators,
there appears to be broad cross-species agreement in the direc-
tion of effects. For example, higher oxytocinergic functioning
appears to be related to ascertainment of dominance in
female rhesus macaques (Macaca mulatta) [17], male Mozambi-
que tilapia (Oreochromis mossambicus) [18] and male mice [11].
However, the precise role of oxytocin in promoting dominance
is unclear. In addition to promoting aggressive behaviours,
oxytocin could also regulate other behavioural systems that
support social dominance including social memory, social cog-
nition and avoidance learning (see [19]). Finally, dopaminergic
signalling is upregulated in dominant individuals [12,20].
In monkeys, this upregulation emerges following hierarchy
formation suggesting it is a consequence rather than the
cause of dominance [12]. The involvement of dopaminergic
systems may account for the aggression-seeking behaviour of
dominant individuals [21]. The directionality of these correla-
tional findings is largely supported by studies that have
experimentally manipulated these systems [9,10,22], although
the precise relationships are brain region, species and context
specific (see [19]).

The role of steroid hormones, particularly testosterone in
males, in the development and coordination of aggression
has been particularlywell studied across species. Experimental
manipulation of androgenic signalling has demonstrated a
causative role of these hormones in regulating both male and
female dominance [22]. These findings highlight the impor-
tance of testosterone in activating aggressive behaviour in the
short-term. For example, levels of testosterone are typically
most elevated during group formation, are increased in domi-
nant individuals following short-term aggressive interactions
and can even reinforce winner effects [23,24]. Data from field
studies have found positive associations between testosterone
and high male social rank in several species when male–male
competition is maintained via repeated aggression and tightly
linked to access to reproductive opportunities or during
periods of hierarchy instability characterized by elevated
aggression [5,25–28]. In females, elevated androgen levels are
associated with high dominance rank especially during
periods of intersex competition suggesting a role in mediating
aggression (e.g. ring-tailed lemurs (Lemur catta) [29], spotted
hyenas (Crocuta crocuta) [30], female hybrid baboons (Papio
sp) [31] and African cichlid fish (Astatotilapia burtoni) [24]).
Notably, however, these relationships are not observed for all
species and much remains to be understood regarding the
neuroendocrine basis of social dominance.
(b) Signalling dominant status
The maintenance of dominant social positions can be depen-
dent on the capacity of an organism to communicate and
express their high social status through a broad range of che-
mosensory cues that require plasticity in multiple biological
systems [32] (figure 1). Status signals may be inherently
linked to fighting ability such as armaments like deer antlers
or unrelated to fighting but used to convey dominance



(a) (c) (d )(b)

(e) ( f ) (g) (h)

Figure 1. Animals use a variety of modalities to signal social dominance. Some species may rely on a combination of modalities when cueing status. Ring-tailed
lemurs (a) and mice (b) use scent marks to mark territories. Dominance can be signalled through vocalization as in chacma baboons (c) and red deer (d ). Visual cues
can reliably cue dominance such as eye spots in green anole lizards (e), eye bars and body coloration in African cichlid fish ( f ), red-chest patches in male geladas (g)
and facial coloration in male mandrills (h). Photo credits: Maddie Dwortz, Christine Murray, Hans Hofmann.
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information (conventional signals) (see [33] for more infor-
mation). These signals are considered honest if they are
energetically costly to produce [32].

Chemical signals are used by dominants of many species.
In some species, these signals are used to directly determine
dominance during physical interactions. For example, in
social insects, queens indicate their dominance over workers
through pheromonal cues during social exchanges [34].
Scent-marking is a common feature of territorial behaviour
with individuals depositing scents within their environment
to signal dominance condition. These odours are produced
via secretions from integumentary glands, urine, saliva,
sweat and faeces [35]. Dominant individuals tend to mark
more frequently and counter-mark the scents of more sub-
ordinate individuals, and in many cases, the chemical
composition of the odour differs by status. For instance,
high-ranking male mandrills (Mandrillus sphinx) secrete
more scents from their sternal scent-gland than low-ranking
males, and it is possible to classify rank based on the relative
composition of volatile components [36]. Dominant male
blackbucks (Antelope cevicapra) urinate more frequently and
possess specific organic compounds in their urine that cue
their dominance compared to subordinates [37]. In the Euro-
pean rabbit (Oryctolagus cuniculus), when males become
dominant they start to produce the compound 2-phenoxyetha-
nol that is secreted via the chin gland [38]. This is a fixative that
enables the slow release of other volatile odours in the secretion
that communicate an individual’s dominant status. Notably,
such chemical cues appear to be energetically expensive to
produce. The physiological plasticity associated with scent
marking by dominant individuals has been best explored in
mice and involves increased gene expression of major urinary
proteins (MUPs) in the liver [39], stimulated by testosterone
and growth hormones [40]. Thesemetabolically costly proteins
are then excreted in urine as scent marks which attract females
and signal dominance status and body condition [39,41].
Dominant mice must also increase their food and water
intake to support the production and excretion of these pro-
teins [42] illustrating that plasticity in numerous central and
peripheral systems is required to communicate social status
(figure 2). Similar physiological changes occur in dominant
male Mozambique tilapia who signal their rank via urinating
dominance pheromones and develop larger, more muscular
bladders to store larger volumes of these cues [43].

Auditory cues used for dominance signalling further
illustrate how social status induces differential plasticity
between dominant and subordinate individuals. Modulations
to several features of auditory cues including volume, calling
rate, temporal structure and frequency are used to com-
municate social status by dominant individuals [44,45].
Testosterone can modulate the production and acoustic struc-
ture of male vocalizations across species and may mediate
status-associated acoustic characteristics [25]. For instance,
male Alston’s singing mice (Scotinomys teguina) emit trilled
songs during competitive male interactions. These songs are
shorter, quieter and higher in frequency in castrated males
[46]. In primates, evidence for a relationship between testoster-
one levels and call frequency and acoustic structure is mixed
although this has been observed in some species (e.g. male
chimpanzees (Pan troglodytes schweinfurthii)), with high testos-
terone associated with more pant-hoots with higher peak
frequencies [25,47].

Visual cues are another domain in which physiology and
body condition can be tightly linked to status. For example,
green anole lizards (Anolis carolinensis) transition from green
to black eye spots as they become dominant [48] and dominant
male African cichlid fish display bright colours and prominent
eye bars [5]. Increased face redness in male mandrills is associ-
ated with competitive ability and willingness to engage in
conflict and is positively associated with testosterone levels
[49]. In male geladas, increased redness of bare chest patches
is also positively related to social rank, but is not associated
with androgens, demonstrating that not all coloration changes
are androgen mediated [50]. Congruently, in vervet monkeys,
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Figure 2. Example of the central coordination of behavioural and physiological plasticity that supports dominance status in male mice. In addition to increasing the
output of aggression, dominant males also find aggression more rewarding, show higher spatial and social cognition, increase sexual behaviour, patrolling, scent-
marking, drinking, eating and arousal as well as more fragmented sleep. These changes occur in concert and are driven by modulating the sensitivity of neural
circuits and the upregulation of the hypothalamic–pituitary–gonadal (HPG) axis. Increased production of testosterone (T) from the gonads also stimulates increased
sperm production and quality as well as major urinary protein (MUP) production in the liver which are transported to the bladder via kidneys and secreted in urine
to signal dominance status. These changes are supported by altered metabolism, particularly increased fatty acid catabolism, in the liver.
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blue scrotal coloration serves as a signal of status and is linked
to elevated serotonin, not androgen levels [51]. These observed
associations between the production of visual signals and
individual hormone levels are suggestive that they may be
energetically expensive to produce and therefore indirectly
related to body condition and fighting ability. However, it is
not yet clear what other mediators may exist between visual
signals and physiological condition. Indeed, although there
is some good evidence that chemical, auditory and visual sig-
nals can be honest indicators of social status, this may not be
universal across all species.

(c) Dominance and cognition
Associations between social status and cognitive performance
are increasingly being explored, though few studies have deter-
mined whether variation in cognitive abilities is a cause or
consequence of social status. If social reasoning and learning
skills are required for achieving high rank, itwould be expected
that dominant animals out-perform subordinates in social
cognition tests. There appears to be some support for this.
For example, more highly ranked domestic chickens (Gallus
gallus) have higher social learning performances [52].
Dominant queen paper wasps (Polistes fuscatus) are better at
memorizing and individually recognizing faces than sub-
ordinate worker wasps [53]. Alliance formation, which is
required in some species to challenge for high rank, requires
continuous social strategizing and high social functioning. In
female carrion crows (Corvus corone), high-ranking individuals
are able to actively recruit sub-dominant animals to engage in
coordinated coalitionary aggression against rivals [54]. How-
ever, other studies demonstrate that subordinate animals
showhigher levels of social learning, particularlywhen solving
novel tasks (e.g. chimpanzees [55], dogs (Canis lupus familiaris)
[56]). This may reflect increased monitoring of more dominant
individuals by subordinates, but could also indicate that both
dominant and subordinate animals use social learning in
different ways to solve socio-cognitive challenges.

Studies in several birds and rodents have shown that
high-ranking individuals out-perform subordinates on spatial
learning tasks [57–60]. Notably, in some cases, these differences
in learning ability do not exist prior to dominance acquisition
but can emerge following hierarchy formation suggesting
that they are responses to the social environment (e.g. mice
[60], pheasants (Phasianus colchicus) [58]). However, other
studies have found inverse relationships between measures
of learning and social status. This may occur when dominants
experience stress-induced impairments in cognition. For
example, high-ranking crab-eating macaques (Macaca fascicu-
laris), who experience chronic stress while maintaining rank
perform more poorly than lower ranked individuals on a
series of complex problem-solving tasks requiring reversal
learning [61]. Although there is increasing evidence for the
association between social and spatial learning and dominance
rank, morework is required to determinewhich other domains
of cognition are preferentially used by dominant versus
subordinate animals, how consistent these patterns are across
species, and whether these changes occur prior to rank
acquisition or as a consequence of social status.
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(d) Dominance and reproductive plasticity
Social dominance influences reproduction at behavioural and
physiological levels, with both dominant males and females
typically experiencing reproductive advantages. In females,
themajor fitness benefit for dominants are increased reproduc-
tive rates and survival, though dominant females can also gain
such advantages through monopolization of resources, higher
energy intake, earlier timing of conception, longer lifespan,
more helpers with parental care, more copulations and
stronger affiliative relationships with males, as well as by sup-
pressing reproduction in subordinate females (see §3c) [62]. In
males, dominant individuals often disproportionately sire
large proportions of offspring in social groups achieving this
through increased copulations with receptive females via be-
havioural strategies such as mate-guarding, intimidation of
rivals and coercive mating. For example, 91% of Verreaux’s
sifakas (Propithecus verreauxi) [63], 60% of mountain gorillas
(Gorilla beringei beringei) [64] and 34% of baboon (Papio cynoce-
phalus) [65] offspring can belong to the most dominant alpha
male. Even in cooperative breeding species, where male repro-
ductive success is dependent on female choice and cooperation
and subordinate males sire higher proportions of offspring,
dominant males still experience reproductive benefits [62].

In some species, social status variation in reproductive
behaviour is tightly regulated by the hypothalamic–
pituitary–gonadal (HPG) axis. In dominant male African
cichlids, elevated expression of gonadotropin mRNA in the
medial preoptic area of the hypothalamus and circulating
luteinizing hormone (LH) and follicle-stimulating hormone
(FSH) activates the HPG axis leading to increased testes
growth and release of testosterone [5]. In other species,
periods of intense HPG activation by dominant individuals
may be restricted to periods of increased inter-male compe-
tition such as breeding seasons. There is also evidence in
some species that elevated androgens facilitate reproduction
in dominant males even outside of periods of intense compe-
tition [22]. Reproductive plasticity in dominant males may
also be expressed through sperm competition rather than be-
havioural conflict. Dominant males of several species have
increased rates of spermatogenesis, higher sperm motility,
larger ejaculate and larger seminal vesicle size. These changes
are driven in part by upregulation of the HPG axis and higher
levels of testosterone in dominant males [66–68]. Recent find-
ings also suggest that changes in the seminal fluid proteome
may also account for the increased reproductive competitive-
ness of dominant males in some species. For example, the
seminal fluid of territorial black goby (Gobius niger) males
enhances the velocity of their sperm [69]. In house mice, domi-
nant males have higher levels of seminal vesicles, sperm
production and ejaculate sizes but lower levels of protein and
altered protein composition in their seminal fluid compared
to subordinates [68] (figure 2). Changes to seminal fluid
protein may reflect changes made by subordinate animals to
adjust the efficiency of post-copulatory mating plugs to
compensate for other sperm competition inequalities.

(e) Energy regulation and metabolism
Acquiring and maintaining dominant status through expres-
sing dominance behaviours (e.g. aggression, mate-guarding
and territory defence) and status signals as well as increased
reproductive output can be associatedwith significant increases
in metabolism and energetic demands. Several studies have
found status-induced variation in non-invasive physiological
markers suggesting that dominantsmayexperience generalized
increased energetic costs. For example, dominant male chim-
panzees excrete lower levels of C-peptide, a non-metabolized
byproduct of insulin production, demonstrating that dominant
animals have negative energy balance and higher energy
demands [70]. Similarly, dominant male rhesus macaques
have elevated levels of C-peptide during periods of food abun-
dance and low competition, but reduced C-peptide levels
following periods of reproductive competition compared to
lower ranking males [71]. To meet these energetic needs, domi-
nant animals can exhibit several behavioural and physiological
changes that adjust energy intake and expenditure. In many
species, dominant animals have priority access to food
resources, enabling them to increase energy intake, eat higher
quality foods and expend less energy in acquiring food
[72,73]. Increasing basal or standard metabolic rates is another
change that supports the elevatedmaintenance costs associated
with energetically demanding behaviours. Indeed, high meta-
bolic rates are associated with increased peripheral tissue size,
elevated reproductive output, physical activity and intraspecific
competition as experienced by dominant animals and domi-
nant individuals are commonly reported to have higher
metabolic rates than subordinates in fish, mammals and birds
[74–76]. Importantly, these findings are largely associative and
elevated metabolic rates may be a cause or a consequence of
higher social status across species. More data are required
from across species to determine under which contexts domi-
nance is more strongly associated with increased energetic
demands, and which strategy is used to offset these demands.

Studies that investigate tissue-specific metabolic changes
may be able to better inform thedominant and subordinate indi-
viduals’ contrasting energy needs. For example, shortly after
hierarchy establishment in female rhesus macaques, dominant
individuals were found to have higher serum concentrations
of thyroid hormone T3 (triiodothyrnonine) which increases
lipid metabolism and protein degradation and increases meta-
bolic rate [77]. Following group formation, dominant male
mice have increased hepatic expression of genes that promote
fatty acid catabolism and energyproduction compared to subor-
dinate males who show increases in fatty acid synthesis
suggesting a trade-off between dominant and subordinates in
energy usage [78] (figure 2). Dominant rainbow trout (Oncor-
hynchus mykiss) show increased AMP-activated protein kinase
(AMPK) activity in skeletal muscle enhancing glucose uptake
and utilization, lipid metabolism and fatty acid oxidation to
meet the energetic demands of physical activity associated
with territorial patrolling and aggression [79]. Conversely, sub-
ordinate rainbow trout have elevated AMPK activity in the
liver, likely to support the energetic demands of chronic stress
and the greatly reduced food intake experienced by subordi-
nates. These examples illustrate the need for the coordination
of multiple biological systems to support the behavioural and
physiological demands of dominant and subordinate social
status. Future work should aim to clarify under which contexts
social status induces tissue-specific versus universal changes in
those physiological pathways that support meeting the ener-
getic requirements of dominance versus subordination.
( f ) Health effects of social dominance
Dominant social status is associated with fitness benefits,
including priority access to resources, increased reproduction
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and increased lifespans in many species [80]. However, the
behavioural and physiological plasticity that occurs to pro-
mote and maintain dominance can also have significant
costs that negatively impact health outcomes. In particular,
although dominant individuals tend to show reduced gluco-
corticoid levels (GCs) and improved hypothalamic–pituitary–
adrenal (HPA) negative feedback in stable social hierarchies
[81–83], dominant individuals can have higher GC levels
than subordinates in hierarchies during periods of intense
male–male competition. In some species, this may occur
during breeding seasons [84] or changes in group member-
ship [85], whereas in other species, these high levels of
male competition may be ongoing [86]. Similar relationships
between GCs and social status are also observed in females of
some species during periods of intersex competition but to a
considerably lesser extent than in males [82,87]. For example,
female chacma baboons show no evidence of a relationship
between rank and GCs under usual stable conditions; how-
ever, when an immigrant male ascends to alpha status,
females show increases in GCs especially if their social rank
is threatened [88]. In the short-term, such elevations in GCs
can allow dominant animals to quickly mobilize energy in
peripheral organs to support costly dominance maintenance
behaviours. However, there is the potential that chronic
elevations in GCs can result in increased risks of peripheral
tissue damage leading to pathologies including cardiovascu-
lar disease, metabolic syndrome and susceptibility to
infections [89]. For example, male-dominant cynomolgus
macaques (Macaca fascicularis) exhibit hypercortisolemia and
develop higher levels of coronary artery stenosis compared
to subordinates, but only when social hierarchies are unstable
and there is high male–male competition [90].

Chronic elevated GCs and elevated energetic demands
can have broad consequences for behavioural and biological
outcomes. The immune system is sensitive to GC levels and
there is evidence that dominant individuals develop compro-
mised immune systems if they trade-off energy from immune
processes towards higher priority activities directly related to
fitness [80,91,92]. For example, male jungle fowl (Gallus
gallus) that invest heavily in sexual signals to attract females
show lower levels of circulating lymphocytes [93]. Dominant
individuals can also exhibit signs of chronic arousal likely
related to the vigilance needed to maintain social status.
High-ranking individuals have been shown to have reduced
levels of deep sleep and increased sleep fragmentation in
mice and baboons [94,95], but the extent to which this is
common across species remains to be determined. These
changes may be in part mediated by altered GC
functioning, but may also occur through other mechanisms.
For instance, dominant male mice display upregulated
sympathetic nervous system activity that likely increases be-
havioural and cardiac activity but also leads to elevated
systolic blood pressure and eventually aortic arteriosclerosis
[96]. Oxidative stress is also elevated during intense repro-
ductive investment and territory defence exhibited by
dominants across many species including house mice [97],
rhesus macaques [98] and great tits (Parus major) [99].
Increased oxidative stress in the absence of appropriate anti-
oxidative defence can lead to peripheral tissue damage and
impairments in cellular signalling and immune function
[100]. Further, there is evidence that some dominant animals
show accelerated epigenetic ageing (e.g. meerkats (Suricata
suricatta) [101], baboons [102]) illustrating the biological
costs associated with the behavioural and physiological
plasticity of dominant animals.
3. Plasticity in subordinate animals
(a) Biobehavioural changes
Subordinate animals show plasticity in behavioural and phys-
iological systems that promote short-term survival in social
hierarchies and allow for long-term increases in reproductive
success. Within a social hierarchy, subordinate animals must
rapidly learn to yield towards dominant animals. Depending
on the social context, these behaviours include fleeing from
or freezing on approach by a dominant individual [8]. Subordi-
natesmay also avoid initiating contactwith dominants or show
subordinate postures that typically demonstrate their vulner-
ability and lack of threat towards dominants. There is
evidence from diverse taxa that subordinate individuals moni-
tor the behaviour of dominant individuals more frequently
than those of lower ranked individuals, establishing an atten-
tion hierarchy [103–105] (see [19]). This increased vigilance
enables individuals to avoid conflict with dominants and sub-
ordinates may also inhibit their aggression towards other
individuals in the presence of dominants [104,105]. In species
that use opportunistic mating strategies (e.g. baboons and
cichlid fish), tracking the behaviour and relationships of domi-
nant individuals enables subordinates to achieve mating
success while minimizing conflicts [104,106]. Avoidance of
conflict may also lead to temporal and spatial segregation of
behaviour within hierarchies and impact use of desirable fora-
ging sites [107–109]. Social withdrawalmay also emergewithin
subordinates as an extreme strategy for conserving energy and
reducing injury risk [110]. For example, subordinate female
cynomolgus and rhesus macaques show increased levels of
depressive-like behaviours including reduced social inter-
action [111]. Alternatively, subordinates may form close social
relationships with dominants especially when group-living is
beneficial to all individuals (e.g. for group defence, cooperative
foraging, alloparenting) [112]. For example, in many male and
female non-human primates, subordinates are more tolerated
when accessing resources if they have established long-term
relationships with dominants [113,114].

Behavioural changes exhibited by subordinate individuals
to avoid conflict and enhance survival are supported by phys-
iological and neurobiological changes. Short-term increases in
GCs in response to social stressors such as the presence of a
dominant individual can redirect energy to the brain and skel-
etal muscle to facilitate behaviours such as vigilance, freezing
and fleeing that enable the avoidance of threatening stimuli
[115]. Changes to central gene expression can also support
subordinate behaviours. For example, in zebrafish (Danio
rerio) and rainbow trout, altered dopaminergic and serotoner-
gic activity in several brain regions including the optic tectum,
that regulates multimodal sensory integration and escape be-
haviour, is associated with the behavioural inhibition
exhibited by subordinate fish [116,117]. Data from fish and
rodents demonstrate that specific neural circuits are activated
during the expression of subordinate behaviours such as freez-
ing and escaping and are especially sensitive to social threats
in subordinate individuals ([10,118], also see [19]). Social with-
drawal and depressive-like behaviours are associated with the
central reduction of the serotonin 5-HT1A receptor particu-
larly in the hippocampus and hypothalamus [111,119].
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(b) Signalling subordinate social status
Communicating submissive status to dominant opponents can
be advantageous in preemptively avoiding aggressive encoun-
ters. Although not as prevalent as signals of dominance,
subordination can be signalled through chemical, visual or
auditory subordinate-specific cues. For example, subordinate
Verreaux’s sifaka uses a chatter vocalization to demonstrate
their submission to dominants [120]. Socially subordinate
Arctic charr (Salvelinus alpinus) display a darker body colour
than dominant fish that serves as a social signal to avoid receiv-
ing aggression. This increased pigmentation is related to
plasma levels of α-melanocyte-stimulating hormone (αMSH)
which are positively associated with central noradrenergic
activity induced by the social stress experienced by subordi-
nates [121]. How common such mechanisms are across other
species is an active area of research. Subordinates may also
inhibit signals that cue dominance to prevent being attacked
by dominants. For example, subordinate male mice reduce
the liver expression of MUPs, preventing the excretion of
MUPs in their urine [39]. Reduced water intake and central
gene expression changes including upregulation of cortico-
tropin-releasing factor (CRF) in the pontine micturition centre
also lead to the inhibition of urination, further reducing the
potential for conflict with more dominant individuals [42,122].

(c) Social inhibition of reproduction
In some species, socially subordinate animals inhibit
reproductive output viadownregulationof theHPGaxis, redir-
ecting energy into growth and other physiological systems.
Delaying reproduction through this inhibitorypathwayenables
individuals to potentially challenge for dominance status and
reproductive opportunities in the future. For example, subordi-
nate male cichlid fish exhibit a full HPG-mediated inhibition of
reproduction, including smaller gonadotropin-releasing hor-
mone (GnRH) and arginine vasotocin (AVT) neurons and
higher expression of aromatase in the preoptic area of the hypo-
thalamus, and reduced expression ofGnRH-R1, LHβ and FSHβ
in the pituitary leading to lower levels of testosterone, 11-keto-
testosterone (11-KT), estradiol (E2), progesterone (P),
luteinizing hormone (LH) and follicle-stimulating hormone
(FSH) in blood [5]. Subordinate cichlids also have reduced
levels of receptors for these hormones and have reduced sper-
matogenesis, sperm motility and density [5,104]. In
cooperative breeders, reproduction is monopolized by domi-
nant individuals with reproductive suppression among
subordinates who assist dominant reproduction via alloparen-
tal care. The amount of alloparental care ranges from low levels
in facultative cooperative breeders such as black-backed jackals
(Canis mesomelas) and Arctic foxes (Vulpes lagopus), to high
levels in obligate cooperative breeders like meerkats and Afri-
can wild dogs (Lycaon pictus) [123]. In some species where
competition for resources is high, dominant females may eject
subordinates from the group (e.g. cotton-top tamarins—Sagui-
nus oedipus) or even kill their offspring (e.g. common
marmosets—Callithrix jacchus) resulting in subordinates adopt-
ing an ovulatory suppression strategy [124,125].

In cooperatively breeding males and females, reproductive
suppression is sometimes associatedwith downregulatedHPG
axes but also with direct behavioural interference by domi-
nants. For example, dominant breeding African wild dogs
have higher circulating estrogen and progesterone levels com-
pared to subordinate non-breeding females [126]. Although
subordinates are able to ovulate, they rarely engage in copu-
lation likely due to intimidation from dominants [127].
Subordinate female Ethiopian wolves (Canis simensis), dwarf
mongooses (Helogale parvula) and meerkats also have lower
estrogen levels than dominants [128]. In meerkats, subordi-
nates have lower levels of LH but are still physiologically
capable of reproduction [129]. However, higher levels of GCs
in subordinates evicted from the social group lead to increased
abortion rates and decreased conception [130]. In males, lower
levels of testosterone are observed in subordinates during the
mating season in African wild dogs and banded mongooses
(Mungos mungo) and outside the mating season in Ethiopian
wolves [131–133]. However, in grey wolves (Canis lupus) and
dwarf mongooses, no status differences in steroid hormones
are found and subordinate reproduction appears to be behav-
iourally inhibited by dominants [132]. Reproductive
suppression of subordinates through behavioural mechanisms
is also found among some noncooperative breeders [134].
Reduced reproductive output in species with strict dominance
hierarchies can also arise through reduced access to resources
[135], sexual partners [136] or alloparental helpers [137], as
well as delayed sexual maturity and longer interbirth intervals
[138–140].

Suppression of the HPG axis and reproduction in subor-
dinates is typically associated with chronic elevations in
GCs, which act to downregulate the activity of GnRH in
the brain leading to reduced release of LH and FSH and
consequently reduced testosterone and estrogen release
from the gonads [141]. Support for this pathway is derived
from evidence of higher levels of GCs in subordinate males
and females of several species that exhibit stress-induced
reproductive suppression [142]. However, GC-mediated
regulation of reproduction cannot explain reproductive sup-
pression in all species, particularly among cooperative
breeders [123]. An alternate pathway is stress-induced acti-
vation of the sympathetic nervous system leading to
noncyclic anovulatory ovaries [141]. Energetic suppression
in subordinate females can also result in reproductive dys-
function such as the reduced likelihood of implantation
[143]. Collectively, these changes may ultimately contribute
to reproductive success in subordinate individuals by
delaying reproduction until there are sufficient resources
to support fertilization, embryogenesis and postnatal
investment.
(d) Health effects of social subordination
Short-term changes made by subordinates in response to
their current social environment can have long-term effects
on health. Recent explorations of the relationship between
social status and immune functioning highlight the complex-
ity of the relationship between subordinate status and specific
markers of health. Generally, subordinates have been
reported to have lower viral resistance and clearance,
impaired cell-mediated immunity, slower wound healing
and higher levels of illnesses [144,145]. The relationship
between parasitism and social status varies by species,
although subordinate females and dominant males generally
appear to have greater parasitic loads [146]. Low social status
in experimentally controlled female rhesus macaques hierar-
chies is associated with increased expression of genes that
promote inflammation such as IL-6 and IL-1b in blood cells
[92,147]. Low-status females also have increased levels of
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Figure 3. Rapid physiological changes as subordinate African cichlids ascend to dominant social status. When a power vacuum emerges, subordinate males increase
aggression levels towards other males within minutes. This behavioural change is supported by a rapid upregulation of the HPG axis, leading to the release of steroid
hormones that facilitate aggressive behaviour. Further transition to dominance is supported via shifts in the central gene expression of immediate early and steroid
hormone receptors. As social ascent is established, physical changes in coloration signal dominance status to others and males increase investment in testes size and
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ations: CRF, corticotropin-releasing factor; ARα, androgen receptor alpha; ARβ, androgen receptor beta; ERα, estrogen receptor alpha; ERβa, estrogen receptor beta-
a; ERβb, estrogen receptor beta-b; LH, luteinizing hormone; FSH, follicle-stimulating hormone; LHβ, luteinizing hormone beta; FSHβ, follicle-stimulating hormone
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binding sites for nuclear factor kB (NFkB—a regulator of
inflammation) at transcriptionally active and available
regions of the genome [80,147]. Alternatively, blood cells
from low-status females have reduced chromatin accessibility
for a glucocorticoid receptor cofactor, AP-1, that represses
NFkB and promotes anti-inflammatory responses. Although
this relationship appears to hold for some species, the
relationship between inflammation, disease and social
status is likely to be highly context-dependent, and in some
cases, dominant individuals may display increased markers
of immune activation and illness [91,148].

Laboratory studies implicate altered testosterone and GCs
in mediating social status-associated impairments in immune
function [149] but the exact roles of these hormones in wild
animals still need to be fully elucidated. It is likely that
there is a complex trade-off in both dominant and subordi-
nate animals between investing energy in reproduction,
somatic growth and repair, and immune investment with
the particular investment being species- and context-specific.
Socially subordinate animals can experience other adverse
health consequences of social stress-induced hypercortisole-
mia. For example, male subordinate rats (Rattus norvegicus)
and female long-tailed cynomolgus macaques develop
increased visceral adiposity and evidence of metabolic syn-
drome [150]. Female subordinate cynomolgus monkeys also
suffer from elevated rates of coronary artery atherosclerosis
which is in part a consequence of their reduced circulating
levels of atherosclerosis suppressing ovulatory estrogen [90].
These examples demonstrate how short-term plasticity in
stress physiology can result in longer term detrimental
health outcomes.
4. Social transitions
Within group-living organisms, individuals rarely maintain
the same social rank over their entire lifetime. Individuals
can ascend and descend in social status due to multiple
factors including maturation, immigration/emigration, or
changes in the social or ecological environment. Transitions
in social rank can be dramatic or gradual, with accompanying
behavioural and physiological changes occurring over mul-
tiple timescales (also see [151]). In this section, we consider
the dynamic behavioural, neurobiological and physiological
changes that occur during social ascent and descent.
(a) Social ascent
Attaining higher social rank has significant growth, survival
and reproductive advantages, meaning that individuals
strive to socially ascend. Social ascension can happen gradu-
ally as animals mature but can also happen suddenly if
more dominant individuals die, rapidly lose resource-holding
power or leave a social group. This form of social ascent
requires animals to constantly monitor their social environ-
ment leading to plastic shifts in neural circuits, physiology
and behaviour when these social opportunities arise. One
well-studied example of social ascent occurs among sub-
ordinate African cichlid fish males following experimental
removal of alpha individuals from the social hierarchy
(figure 3). Following removal of the dominant male, subordi-
nate males rapidly decrease their submissive behaviour,
increase aggression towards other males, display eye bars
and brighter body coloration and exhibit elevations in steroid
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hormones (testosterone, estradiol and progestin) [5,104]. After
6 h of social ascension, these males transition from displaying
bursts of aggression to being able to flexibly switch between
aggressive and reproductive behaviour similar to established
dominant males [152]. Within the brain, the social accent is
associated with rapid activation of immediate early genes
(IEGs) and increased mRNA levels of steroid hormone recep-
tors and corticotropin-releasing factor (CRF) throughout the
social behaviour brain network [153]. Changes in protein
levels, neural circuitry and morphology that maintain the
dominance phenotype occur over more extended periods.
Ascending males have elevated pituitary mRNA and circulat-
ing levels of LH and FSH hormoneswithin 30 min of ascent [5]
and within 24 h, testes of ascenders show increased mRNA of
receptors for FSH, sex steroids and GCs and increased sperm
motility [154]. These findings demonstrate that social ascen-
sion can lead to dynamic physiological plasticity of the HPG
axis that enables subordinate males to become reproductively
active dominants.

Dynamic shifts in behaviour and physiology during social
ascent are also observed in other species where reproduction
is not as tightly coupled with HPG activity. When the
most dominant alpha male is removed from a mouse social
hierarchy, all other males increase their aggressive behaviour
within minutes, and the sub-dominant beta male emerges as
the new alpha male. Increased expression of medial preoptic
area GnRH mRNA is also observed in both ascending sub-
dominant and non-ascending subordinate males 60 min after
the onset of this social opportunity, but this does not lead to
an increase in circulating testosterone in subordinates [155].
Social ascension likely activates other neuroendocrine systems
such as the sympathoadrenal system as evidenced by the sig-
nificant rise in blood pressure of socially ascending male mice
[96]. Ascending males also exhibit increased activity of IEGs
throughout the social brain network (SBN) as well as dramati-
cally elevated levels of gene activation in the prelimbic and
infralimbic (prefrontal) cortices [156]. Similar to cichlids, sub-
dominantmice are activelymonitoring their social environment
and are ready to rapidly respond to changes in social context.

In other species, social ascent by subordinates during a
social opportunity may not involve increases in aggressive
behaviour. In vervet monkeys, after removal of the alpha
male from a group, subordinates rapidly increase their affilia-
tive behaviour towards high-ranked females and their
offspring but do not change their rates of aggression [157].
Support of these high-ranking females facilitates rank acqui-
sition [158]. Females protect bonded males from receiving
aggression from other males and direct aggression towards
unbonded low-ranking males. The rates of affiliation shown
by socially ascending subordinate males are far higher than
those exhibited by established alpha males, indicating that
the behaviours required to achieve rank are not necessarily
those used to maintain high status.

Social rank takeovers, whereby sub-dominant individuals
challenge and overthrow dominant individuals, are another
example of social ascent. In attribute-based hierarchies,
these challenges will likely be successful once individuals
surpass dominants in fitness or fighting ability. Successful
rank challenges can also occur via coalitionary alliances as
seen in chimpanzees [159,160], Assamese macaques (Macaca
assamensis) [161], rhesus macaques [162] and African wild
dogs [163]. Social ascent via takeover is also fostered through
strong same-sex (e.g. hyenas [4]) and between-sex alliances
(e.g. white-faced capuchins (Cebus capucinus) [164] and
vervet monkeys [158]). Although there are varying preceding
social contexts to takeovers, rises in testosterone prior to take-
over have been observed in male gelada, mandrills, chacma
and yellow baboons (Papio cynocephalus anubis) [165–168].
As with social ascent in cichlid fish, other more costly pheno-
typic changes occur only after successful status transition and
may be uncoupled from hormonal status during ascent. Male
gelada red-chest patches and mandrill face colorations
become redder only after acquiring dominant status
[50,169,170]. It remains to be determined how consistent the
role of testosterone is in promoting rapid rank acquisition
across other species, or what mechanisms mediate social
ascent in species that do not use aggression to ascend.

(b) Social descent
When animals are no longer able to incur the physiological and
energetic costs associated with maintaining dominance, they
may be susceptible to losing social status. This may occur
due to loss of the ability to physically dominate subordinates,
maintain territory, successfully mate-guard or loss of coalition-
ary support of peers. In chimpanzees of the Tai forest, male
dominance status peaks around 25 years and shows a slow
decline after 35 years [171]. In other hierarchies, social descent
from alpha status can be rapid and dramatic. In such cases,
former alphas can quickly show behavioural and physiological
changes including no longer having mating opportunities,
becoming more socially isolated, ceasing to exhibit dominance
displays and signals, and suffering negative health conse-
quences including potential death [164,165,172]. For example,
deposed male mandrills show reduced body mass, testicular
volume, reduced red sexual skin coloration, lowered sternal
gland activity and reduced social association with their
group [169]. Anole lizards that lose status have reduced
levels of circulating androgens, show darker brown skin color-
ation, are unable to secure desirable perch sites and have
dramatically reduced courtship rates [173]. In cichlid fish,
dominants that are socially defeated rapidly lose eye bar and
body coloration, increase cortisol levels, show submissive be-
haviour and show increased expression of IEGs throughout
the SBN [174]. Notably, these neuronal transcriptional changes
are distinguishable from those that occur during social ascent
indicating that distinct neural pathways are activated during
social descent versus ascent to promote contextually appropri-
ate changes in social behaviour. Finally, phenotypic and
physiological changes that occur during social descent may
actually be adaptive responses in some circumstances. For
example, a decline in social rank by cichlid fish can lead to rein-
vestment of energy into growth allowing individuals to
eventually be capable of overtaking a territory and socially
ascending [175]. Such reversible phenotypic plasticity enables
animals to rise and fall in rank within a hierarchy multiple
times depending upon their current and future reproductive
potential. Much remains to be understood regarding the phys-
iological and neurobiological changes that accompany social
descent, especially in species where social descent may be tran-
sient and high social status can be re-attained.
5. Conclusion
As individuals acquire dominant or subordinate status, a
multitude of phenotypic changes occurs that enable animals
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to adjust to their social niche. These changes go beyond vari-
ation in aggression or subordinate behaviour and include
plasticity in social signals, reproductive and other social
behaviours, cognition, feeding and drinking, arousal and
sleep cycles and are supported by shifts in energy metab-
olism. These phenotypic shifts are coordinated by the brain,
being induced by shifts in the expression of neuropeptides,
neurotransmitters, hormones and their receptors across sev-
eral neural circuits leading to integrated modifications of
multiple peripheral tissues and systems.

There do remain several outstanding questions regarding
this plasticity. It is important to note that these findings are
generalized patterns from across species. Clearly, not all domi-
nant or subordinate animals change in response to their social
environment in the same way. It is important to consider how
such plasticity varies by species, sex, ecological and social con-
texts. Further, although there is a great deal of research into
how social status shapes domains such as stress responsivity,
reproduction and aggressive behaviour, much still remains to
be understood about howdynamic shifts in other physiological
processes and behaviours including cognition, sleep and
energy metabolism manifest themselves. Much work has
identified common pathways that are modulated by social
status including the HPA, HPG and sympathetic nervous sys-
tems. Future studies, particularly at themolecular and genomic
level, will help further delineate how variations in social status
differentially impact these systems but also other peripheral tis-
sues and how these changes are centrally coordinated and
synchronized. Another common issue with many studies is
identifying whether such changes are a cause versus conse-
quence of social status. Experimental studies of dominance
hierarchies can help resolve these questions, as can repeat
sampling from field studies that are able to track changes in
social status over the long term.

Several studies have also elegantly demonstrated plas-
ticity in these systems during periods of social instability,
particularly during social ascent. In particular, findings
from the African cichlid fish have revealed the time course
of changes from genomic activation to neural systems to be-
havioural and morphological, with relatively energetically
cheaper and flexible modifications occurring first supporting
energetically costly changes that occur later. Whether other
species whose behaviour are not as tightly regulated by the
HPG axis show similar mechanistic changes, or if they
achieve social ascent through modifications of other neural
and endocrine systems remains to be determined. Finally,
very little research to date has focused on changes that
occur during social descent. Understanding this plasticity is
a topic needing further exploration.
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