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Social status has been associated with health consequences, although

the mechanisms by which status affects health are relatively unknown.

At the physiological level, many studies have investigated the potential

relationship between social behaviour/rank and physiological stress, with a

particular focus on glucocorticoid (GC) production. GCs are of interest because

of their experimentally established influence on health-related processes such

as metabolism and immune function. Studies in a variety of species, in both nat-

uralistic and laboratory settings, have led to complex outcomes. This paper

reviews findings from primates and rodents and proposes a psychologically

and physiologically relevant framework in which to study the relationship

between social status and GC function. We (i) compare status-specific GC

production between male and female primates, (ii) review the functional sig-

nificance of different temporal patterns of GC production, (iii) propose ways

to assess these temporal dynamics, and (iv) present novel hypotheses about

the relationship between social status and GC temporal dynamics, and poten-

tial fitness and health implications. To understand whether GC production

mediates social status-related fitness disparities, we must consider social

contest conditions and the temporal dynamics of GC production. This frame-

work will provide greater insights into the relationship between social status,

physiological stress and health.
1. Introduction
Individuals living in groups often develop social hierarchies [1,2]. The associ-

ations between social status and developmental, physiological, behavioural

and health processes have been documented in a variety of species and settings

(e.g. [3–8]). However, the proximate mechanisms by which social status has

any causal influence on development, physiology, behaviour and/or health

are not clear. In this paper, we examine the relationship between social status

and one aspect of physiological stress, production of glucocorticoid (GC) hor-

mones, which can have a significant influence on health, ageing, behaviour

and development. We focus this review on free-ranging primates because of

the abundance of studies on social status and GC production in this taxon.

Studies that have investigated the relationship between social status and

health and/or stress physiology have led to complex findings. We show that

these findings can be clarified by comparing primate male- and female-typical

social competition and by adopting a nuanced understanding of hypothala-

mic–pituitary–adrenal (HPA) axis regulation and the functional significance

of GC production temporal dynamics. To provide insights into the functional

significance of GC temporal dynamics, we examine results from studies with

laboratory rodents and humans. By understanding GC temporal patterns in

high- and low-ranking individuals, we will achieve a better understanding of

how GC production may mediate the relationship between social status and

long-term health outcomes.

http://crossmark.crossref.org/dialog/?doi=10.1098/rstb.2014.0103&domain=pdf&date_stamp=2015-04-13
mailto:sac34@psu.edu
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Figure 1. Stylized examples of two different circulating GC temporal profiles
that would produce similar mean GC levels.
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In this review, we investigate the relationship between

social status and GC production by considering two important

functional observations: (i) the sexes often differ in hierarchy

formation processes [9] and (ii) long- versus short-term

elevations in GC production have different influences on physi-

ology and health [10,11]. We review these two phenomena, and

then provide specific predictions of how social status in dif-

ferent societies could differentially relate to GC temporal

dynamics to provide insights into proximate costs and benefits

of maintaining specific social rank in different social systems.

Males and females regularly form dominance hierarchies

across a variety of primate species. However, the social behav-

iour and associated costs involved in acquiring and maintaining

rank can differ between sexes. Males typically engage in more

intense and frequent aggressive interactions than females,

whereas females tend to engage in more complex affiliative

interactions [12–14], with some exceptions [9]. Male rank is

often achieved by violent turnovers of an existing hierarchy

and competition is over access to mates, whereas female rank

is typically determined by more subtle aggressive and affiliative

interactions and competition is often over access to quality food

resources ([12–15], cf. [9]). In addition, the immediate costs of

aggressive interactions are usually greater for males than

females (e.g. wounding) [16,17] given increased male weaponry

(teeth, claws, body size) [18–20].

Given broad differences in social and reproductive strat-

egies between males and females, the challenges involved in

attaining and maintaining social status differ between sexes.

In a ‘typical’ species, in which males are large with significant

weaponry, male dominance requires good physical condition

and can be dangerous and costly to acquire during discrete

periods. In a similar species where females use coalitionary

and affiliative strategies, dominance may be less energetically

costly and subordinate exclusion from quality resources may

be more costly over longer periods. These two methods of

attaining and maintaining dominance should lead to different

GC production dynamics: acute elevations in typical dominant

males versus chronic elevations in typical subordinate females.

In addition to considering broad differences in male

versus female sociality, we consider temporal dynamics and

costs/benefits of elevated GC production. GC production is

a dynamic process that involves complex feedforward and

feedback regulatory processes [10]. This complex regulation

allows for a range of GC production temporal patterns,

with differences in peak and trough amplitudes, rates of

recovery to basal production and frequency of elevated pro-

duction (figure 1). In laboratory studies, these differences in

temporal dynamics have been associated with differences in

behaviour, environment, age and genetics (reviewed below)

[21–28].

Differences in GC temporal dynamics are particularly

important because they may confer different health conse-

quences. Short- versus long-term elevations in circulating GC

levels may have seemingly opposite influences on metabolic,

cardiovascular and immune processes. For example, short-

term elevations in circulating GC levels can increase certain

aspects of cellular immunity, have a negligible influence on

cardiovascular function and lead to temporary weight loss;

whereas long-term elevations can cause decreased cellular

immune responses, increased arterial blood pressure and

heart rate and increased weight gain [29–32]. These bidirec-

tional influences of GC production are important to consider

in terms of fitness consequences. If GC production mediates
differential health outcomes among social ranks, then it is

important to study status-specific GC production temporal

patterns. To predict fitness-related outcomes, we need infor-

mation on timing and duration of elevated and dampened

GC production.
2. Sex differences in social status and
glucocorticoid production

A decade ago, several reviews were published on social status

and GC production [33–36]. These concluded that GCs are

elevated in group-living individuals that have heightened

metabolic demands, and that these demands are greatest

during periods of social instability. The ‘stress of subordina-

tion’ and ‘stress of dominance’ hypotheses were coined,

based on the realization that both high- and low-rank are

associated with specific challenges [33–35,37]. Importantly,

challenges associated with subordination and dominance can

trigger increased GC production that fuels specific behavioural

and physiological responses. These reviews, and the refine-

ment of non-invasive faecal steroid methods, stimulated

further investigation of social status and GC production in a

variety of free-ranging species, particularly primates.

Primates are a useful biological system in which to investi-

gate these questions because many species maintain relatively

large and complex social groups, where quantification of social

interactions is relatively easy. We focus on studies of free-ran-

ging primates, which provide a good basis to assess the

relationship between physiological stress and social status

and the selection pressures associated with systematic covaria-

tion of social behaviour and physiology. We compare results

according to the sex of study subjects and methods of rank

attainment/maintenance (whether rank is inherited or not).

Given prior results ([36,38,39], cf. [40]), we focus on studies

conducted during social instability when rank acquisition or

maintenance is presumably most costly (for both subordinate

and dominant individuals; table 1).

The majority of primate studies indicate that dominant

males produce levels of GCs that are more than or equal to

subordinate males, whereas only one study has found that

subordinate males excrete more GCs than dominant males

(table 1—see ‘MALES—not inherited’) [40,48,56–70]. The

opposite pattern emerges for females, where subordinate

females often have greater GC production than dominant

individuals, particularly when rank is not inherited
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(table 1—see ‘FEMALES—inherited’ and ‘FEMALES—not

inherited’) ([24,35,41–52), cf. [53,54,55]). Given the role of

GCs in metabolism, these findings support the hypothesis

that male attainment and maintenance of high rank are

associated with increased metabolic costs relative to subordi-

nates, but that subordinate status in females is associated

with greater metabolic costs relative to dominants.

Exceptions to these sex-specific patterns of GC production

occur in male Assamese macaques (Macaca assamensis) where

dominant males have lower mean GC levels than subordinates

[64], and in female ring-tailed lemurs (Lemur catta) where high-

ranking females have greater mean GC levels than subordinates

[53,55]. In both cases, the social structure does not follow ‘sex-

typical’ patterns described above. Male Assamese macaques

attain high rank through male–male coalitionary support

and high rank does not necessarily confer exclusive access to

reproductive females [64,71]. Female ring-tailed lemurs are

dominant to males, they have significant weaponry, and they

are relatively aggressive within and between social groups

[72,73]. These two exceptions may prove the rule that high

rates of within-sex aggression for high-rank attainment predict

short-term costs and GC elevations in dominant individuals,

whereas in social systems with low rates of within-sex aggres-

sion, subordinate exclusion from key resources predicts longer

term costs and GC elevations in subordinates.

The above summary supports the hypothesis that during

periods of social instability, dominant male primates produce

more GCs than subordinate males, and that the reverse is true

for females. However, there are a several caveats: (i) plenty of

studies indicate no relationship between GC production and

dominance status, (ii) several studies indicate a nonlinear

relationship between dominance rank and GC production and

(iii) current studies tell us little about GC production dynamics

(e.g. peak versus trough, basal versus reactivity levels) as they

relate to dominance rank. In the following section, we expand

on the functional significance of basal and reactive HPA activity

and delve into the hypothesis that dominance status may be

more closely related to the temporal dynamics of GC production

than to mean production over time (as assessed by non-invasive

urine and faecal sampling methods).
3. Temporal dynamics of glucocorticoid
production

(a) Basic neuroendocrine-stress physiology
GCs are produced by the adrenal cortex and released into

peripheral circulation in response to endocrine signalling

from the anterior pituitary (adrenocorticotrophin, ACTH),

mediated by hypothalamic corticotropin-releasing hormone

(CRH). Stimulation of this HPA axis occurs in response to

external stimulation, physical exertion, cognitive/emotional

processes and circadian rhythms. Once in circulation, GCs

alter the function of multiple organs simultaneously and in

a sustained manner by binding receptors in brain, peripheral

organs and immune cells [11,74–77]. Bound intracellular

receptors stimulate slow, long-term alterations in cell function

through transcriptional and epigenetic processes [78–81],

and GC binding to putative membrane receptors also influ-

ences HPA axis sensitivity through non-genomic signalling

[82,83]. A fine-tuned balance of receptor expression in the

central nervous system moderates HPA axis responses to
stress and stress coping strategies [84,85]. Based on these

complex and long-lasting organism-level changes, the endo-

crine system may be particularly well-suited to support

subtle and sustained responses to social status-related

challenges and subsequent health-related outcomes.

Intermediate signalling hormones in the HPA axis have

significant effects on cellular function; CRH and ACTH

directly alter brain and peripheral cell function in ways that

could affect health beyond the influence of GCs (e.g. [86]);

these influences are discussed in depth elsewhere [87–93].

Sympathetic activation is also closely related to social behav-

iour, status and health consequences [94,95], but fewer social

behaviour studies have focused on this metabolically relevant

system, particularly in free-ranging animals.
(b) Cues that alter glucocorticoid production
Based on laboratory studies with rodents, diverse physical

and social stimuli cause significant short-term elevations

in circulating GC levels [28]. In these controlled situations,

standardized social stressors cause twice as much GC pro-

duction as physical stressors. In free-ranging animals (reptiles,

amphibians, birds and mammals), rapid elevations in GC

production have been documented following capture, severe

weather conditions and aggressive male immigration, and

long-lasting GC alterations have been documented during

periods of low food supply and across seasons [58,96–100].

The time course of GC responses to environmental and

internal cues is modified by stressor qualities (intensity,

frequency, duration, degree of novelty, etc.), organism charac-

teristics (age, genetics, etc.) and time of day or season. For

example, in laboratory rodents and primates, repeat exposure

to the same stressor leads to habituation and faster return to

basal levels [101,102], and different stressor types or intensities

lead to different recovery durations [24,25]. Rodent and primate

genetic background further influences the duration and inten-

sity of GC production, which are not necessarily linked to

behavioural differences [23,103]. Time of day can further influ-

ence peak amplitude and duration of GC responses [104], and

the sex and age of an organism affect response dynamics in

humans and rodents [21,22,26,27,105,106].

These different response dynamics are significant because

short- versus long-term elevations in GC production are

associated with different influences on biological processes

and health. In particular, GC recovery rate (time to return

to baseline concentrations after a challenge) has particular

functional/health significance (e.g. [107]). Social status,

whether high or low, is associated with an array of different

challenges, some that stimulate long-term elevations in GC

production and others that stimulate short-term elevations.

These different challenges may confer different influences

on physiology and health.
(c) Metabolic and health effects of short- versus long-
term glucocorticoid elevations

Studies with laboratory rodents suggest that short- versus

long-term GC elevations have different influences on health-

related processes. We review some of these findings and

apply these lessons to primates based on the fact that HPA

regulatory processes are evolutionarily conserved, with signifi-

cant homology among vertebrate species [108–110]. Effects of
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may generalize to a wide range of vertebrate organisms.

GCs are widely recognized for their effects on carbohydrate

metabolism, gluconeogenesis and subsequent increased blood

glucose. In addition, GCs regulate lipid metabolism in adipose

tissue, enhance de novo lipid synthesis in the liver, and increase

protein catabolism [111,112]. The release of energy-rich substra-

tes supplies an organism with increased metabolic resources to

cope with stressors. Over longer periods, these hormones can

increase body mass because they tend to increase feeding be-

haviour and stimulate intake of high-caloric foods in humans

and rodents [113–115]. Finally, GCs influence an array of

other biological systems such as the cardiovascular, respiratory,

immune, visual, metabolic and reproductive systems (reviewed

below and in table 2) [119].

Duration of elevated GC production is an important deter-

minant of physiological consequences. While many of the acute

effects of GCs mobilize energy, chronically elevated circulating

GCs enhance energy storage (table 2). For example, in mice,

chronic (four-week) exposure to elevated GC caused an initial

weight loss followed by significant weight gain [32,117]. Acute

GC elevations can activate the adaptive immune system,

whereas chronic GC elevations are linked to suppressed cell-

mediated leucocyte trafficking [29]. Telomerase, an enzyme

that maintains telomere length, is upregulated in human per-

ipheral mononuclear cells 1 h after exposure to an acute

laboratory social stressor, but chronic stress is associated with

reduced telomere length in these cells [118,120].

Short- versus long-term effects of GCs and stressors are also

important in the brain where they influence behavioural

responses. Immediately after acute exposure to GC, hippo-

campal-dependent information processing is impaired, but an

hour to days later hippocampal long-term potentiation is

enhanced [121]. GC injections 90 min before behavioural testing

caused enhanced exploratory behaviour and decreased fear

behaviour in rats, but when exposed to repeated GC adminis-

tration for 25 days, rats were less exploratory and displayed

enhanced fear behaviour [116]. Acute actions of GCs may

enhance processing of stress-related information, which helps

the individual to cope with similar future challenges, but effects

of sustained GC elevations may overpower adaptive responses

to acute stress.

In regard to the stress of dominance, acute GC elevations

support enhanced responding. For example, an aggressive

interaction to attain or maintain dominance requires increased

energy, and GC-induced carbohydrate, lipid and protein

metabolism provides a sustained source of energy. Acute GC

elevations also stimulate leucocyte redistribution to the skin,

which can fight off infection after potential wounding. While

we have discovered a great deal about the role of GCs in

health and coping, there is still much to learn. For example,

there are few direct comparisons of the effects of short- versus

long-term GC elevations in controlled experiments (table 2),

and this experimental work is primarily performed in rodents.

Further research is needed to clarify open questions with regard

to chronic GC elevations such as what constitutes long-term

exposure and at what point detrimental effects occur.
(d) Limitations of current methods
Faecal GC metabolites (FGCMs) measures provide a non-inva-

sive estimate of HPA axis function ideal for field studies.

However, there are limitations to this method; several factors
influence the amount and rate of GC metabolism and excretion

[122–128]. For example, GC metabolism differs between sexes in

mice, rats and other rodents, with males typically excreting

higher concentrations than females, with exceptions

[123,124,127,128], and the specific FGCMs excreted are sex-

and species-specific [123–125]. Quantification of circadian

rhythm is difficult: FGCMs can show a diurnal rhythm mirror-

ing that of circulating GCs, but this rhythm can only be

documented in animals that defecate multiple times per day

[124,126,127]. Intestinal transit time, which regulates FGCM

excretion rate, is influenced by physical activity; rodents excrete

GCs more rapidly during the active versus passive phases [123].

Total faecal mass influences FGCM concentration, which may

not reflect circulating concentrations [126]. Thus, FGCM

measures provide a useful estimate of GC production in free-ran-

ging animals with appropriate methodological considerations

and biological validation for each species [125].

More relevant to this review is the fact that faeces are

excreted in discrete periods, and therefore, faecal steroid

measures reflect a physiological average of circulating steroid

levels over several hours or days. These measures represent

an estimate of overall production during both low- and high-

production periods. Also, most studies necessarily use oppor-

tunistic sampling and estimate mean steroid production across

long periods (weeks, months). Because GC production is

affected by many variables and because faecal samples have

inherent limitations, accurate quantification of individual

differences in GC production requires frequent within-individ-

ual sampling over a significant period. From current studies, it

is difficult to know whether high-mean FGCM levels reflect

consistently high levels of circulating GCs (e.g. chronic stress

associated with negative health consequences) or frequent or

particularly high elevations in GC production in response to

challenges (e.g. a profile that may activate adaptive metabolic

processes; see figure 1 for different GC dynamics underlying

the same GC mean). If GC production estimates are to provide

a mechanism by which social stress/status confers specific

health benefits or costs, then it is particularly important to

distinguish between these two kinds of GC profiles.
4. Social status, glucocorticoid production
dynamics and fitness: the ‘dynamics of stress’
framework

(a) Novel predictions on social dynamics, social status
and glucocorticoid production dynamics

We propose two testable predictions that are sex-specific in

‘typical’ species where males engage in aggressive within-sex

competition for limited access to mates and females engage in

lower levels of aggression for access to physical resources

(male challenges are more intense but shorter lived than

female challenges). (i) In species that show ‘stress of dominance’

(dominant individuals have greater mean GC production),

dominant individuals will have more frequent and/or higher

GC elevations than subordinates as a result of acute intense

metabolic demands like within-sex fighting, and trough pro-

duction will not relate to social status (figure 2a: ‘stress

dynamics of dominance’). (ii) In species that show ‘stress of sub-

ordination’ (subordinate individuals have greater mean GC

production), subordinate individuals will have chronically
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(a) stress dynamics of dominance
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Figure 2. Predictions about adaptive temporal patterns of GC production in a
dominant versus subordinate individual in two different social systems:
(a) where dominant individuals maintain elevated mean GC production rela-
tive to subordinate individuals and (b) where subordinate individuals
maintain elevated mean GC production relative to dominant individuals.
Square indicates mean GC concentration for dominant individuals, circle indi-
cates mean GC concentration for subordinate individuals. (a) In the ‘stress
dynamics of dominance’ scenario, the dominant individual has elevated
mean GC production as a result of greater peak production compared with
subordinate individuals; this is a pattern that may confer metabolic, repro-
ductive, immune and/or cognitive benefits to the dominant individual and
support increased survival/fitness. (b) In the ‘stress dynamics of subordination’
scenario, the subordinate individual has elevated mean GC production as a result
of greater trough production and/or slower returns to baseline compared with
dominant individuals, and this pattern may incur decreased fitness/survival
benefits. (Online version in colour.)
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elevated GC production and/or fewer periods of return to

expected basal production relative to dominants as a result of

chronic low-grade metabolic demands like exclusion from key

resources. In this scenario, peak GC production will not differ

between subordinate and dominant individuals (figure 2b:

‘stress dynamics of subordination’). These distinct temporal

profiles may have different consequences for health and fitness.

We expect that these status-related GC production patterns

will be apparent during periods of instability, in both sexes, and

in social groups in which competition more often involves

contest than scramble. In addition, we expect the ‘stress

dynamics of dominance’ scenario to be more frequent in

males in species in which male–male fighting is particularly

aggressive and wounding is significant, and the ‘stress

dynamics of subordination’ to be frequent in females in species

in which female–female aggression and wounding are not
frequent and high-quality food supplies are easily monopolized

[20]. We expect these patterns to be reversed between the sexes

when specific characteristics of dominance rank acquisition and

maintenance are not ‘sex-typical’ (e.g. where males compete for

access to clumped food resources, and/or females compete in a

particularly aggressive manner that involves enhanced weap-

onry). In the following section, we provide one example of

how the above predictions may be tested with existing datasets

with frequent GC sampling.

(b) Example of social status-related glucocorticoid
production dynamics

This kind of analysis will work best when many samples

from the same individual are available. We re-analysed pub-

lished data from wild female ring-tailed lemurs [129], which

live in relatively small social groups (5–30 individuals) in

extremely arid environments in Madagascar [130–132]. All

females are dominant to all males, and this behavioural adap-

tation is thought to have evolved as a result of very limited

resource availability [72,133].

Faecal samples were analysed from 10 females across

two social groups during two months of mid-to-late dry

season when females were lactating (mean of 39 samples

for each female; range of 32–47 samples/female) [129].

Samples and behaviour were collected during four alternat-

ing one-week periods for each group, with approximately

10 samples/female/week, and no differences in sample size

between high- and low-ranking females. Dominance rank

was quantified using agonistic interaction matrices based

on all observed interactions. Prior analyses of these data indi-

cated that the two highest-ranking females in unstable social

groups produced more FGCMs than the three lowest-ranking

females in these groups, and that FGCM levels were posi-

tively related to aggressive behaviour [53]. To determine

potential health consequences of elevated GC levels, it is

imperative to understand whether elevated faecal levels

reflect frequent or intense acute GC elevations (figure 2a) or

chronically elevated basal circulating GC levels (figure 2b).

Frequent or intense GC elevations in an individual may

confer certain health benefits, whereas long-term basal

GC elevations or protracted GC responses may have more

negative health consequences.

One way to distinguish between the two GC response

profiles is to analyse minimum versus maximum FGCM

levels from each individual. With enough samples from the

same individuals, one can compare individual minimum

versus maximum production across time. As the number of

samples from an individual increases so too will the range,

with greater maximum and lower minimum levels obtained

as sample size increases [134]. Therefore, studies of minimum

and maximum FGCM levels require many samples from the

same individual and comparable sample sizes across individ-

uals or controls for variable sample sizes. With enough

samples, it is possible to refine faecal steroid analyses to esti-

mate temporal dynamics, and the potential functional

significance of individual GC production profiles. Specifi-

cally, if high-mean FGCM levels result from relatively

frequent or intense GC spikes in circulation, then minimum

FGCM levels should be similar in animals with high- or

low-mean FGCM levels, but maximum FGCM levels may be

greater in the high- versus low-mean FGCM individual

(figure 2a). On the other hand, if high-mean FGCM levels
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result from chronically elevated circulating GC levels, then

minimum FGCM levels will be higher than those from an

individual that has chronically lower circulating GC levels

(figure 2b).

With the ring-tailed lemurs we were able to determine indi-

vidual minimum and maximum FGCM values for each one-

week observation period. High-ranking females with high

mean FGCM levels (ranks 1–2) had similar minimum FGCM

levels to low-ranking females (ranks 3–5; 9–19 versus

7–14 ng g21, repeated measures ANOVA F1,8¼ 2.2, n.s.).

However, maximum FGCM levels were twice as high in

high- versus low-rank females (34–155 versus 27–44 ng g21,

repeated measures ANOVA F1,8 ¼ 10.2, p , 0.05). Results

were not affected by sample size (as a covariate), nor by

inclusion of more samples from other seasons. These results

suggest that high-rank ring-tailed lemur females do not necess-

arily have chronically elevated GC levels, but rather that they

experience higher, longer or more frequent elevations in circu-

lating GC levels with similar trough levels to subordinate

females. Further analysis revealed that high-ranking females

had greater FGCM levels one day following a significant

challenge (territory invasion, predation threat) compared

with low-ranking females, suggesting that high-ranking

females have a physiological stress response that is more

responsive to environmental stressors [1]. Based on the prior

review of GC dynamics, heightened GC responses may

confer certain fitness advantages.

The analysis of minimum versus maximum FGCM levels

in female ring-tailed lemurs supports the prediction that

elevated GC production in dominant aggressive versus sub-

ordinate less-aggressive individuals probably occurs in a

discrete or acute fashion, and may thus confer different fit-

ness consequences from those associated with chronically

elevated GC production. This information will be important

to collect in future studies of social status-associated GC pro-

duction. Only by documenting the relative variability in

individual GC production can we infer the potential costs

or benefits of differential GC production among high-

versus low-ranking individuals (e.g. [135,136]). Because

social dynamics among ring-tailed lemurs are exceptional

[72,73], future studies in species with more prototypical

social structures are required.
5. Conclusion and future directions
Quantification of the temporal patterns of GC production

among individuals is necessary to understand potential fit-

ness costs and benefits of status-specific GC production. We

must distinguish between high-GC individuals with a

responsive HPA axis to acute threat and those with more

chronically elevated GC production either in the absence of,

or as a result of, chronic threat. The former profile of GC pro-

duction may confer specific fitness benefits (increased coping

responses), whereas the latter profile may confer specific

health costs (e.g. slower wound healing, decreased memory,

decreased energy availability). It is also important to

distinguish between low-GC individuals that are hypo-

responsive to threat and those with low basal levels and

short elevations in GC production at appropriate times.

Dissection of individual GC production temporal dynamics

as they relate to environmental cues will provide the

best estimate of HPA axis regulation efficiency—a key
factor in predicting health outcomes. Furthermore, different

social structures [137] may help explain different temporal

dynamics in stress physiology and predict status-related

fitness consequences.

There are several key areas for future work on GC

production (and HPA axis regulation) as it relates to health-

related outcomes for high- versus low-status individuals.

First, it will be important to document individual HPA axis

regulation. To this end, frequent measures of GC production

within the same individual will facilitate estimation of GC

responses to environmental stimuli (e.g. [58,61,129]). Non-

invasive GC measures have greatly advanced our under-

standing of GC production in free-ranging animals and we

have suggested a method to assess variability (HPA regu-

lation) within individuals that is feasible with relatively

crude estimates of GC production. Moreover, peripheral GC

sensitivity assays can provide estimates of HPA axis regu-

lation. Given ethical and logistical constraints for some

study populations, one blood sample per study animal

could facilitate indirect estimation of GC function. For

example, in vitro immune system challenges, with cells from

whole blood samples, can be performed to assess GC recep-

tor sensitivity (e.g. [100,138–140]). Second, to understand the

specific environmental factors that stimulate stress responses

in high- versus low-status individuals, further work is

required to document individual GC production in response

to specific challenges and benefits associated with high- and

low-social status (e.g. physical activity, exposure to aggres-

sion, access to social support, access to food/shelter, social

stability, costs of reproduction) [33–36,38,40,53,141–144].

Third, the relationship of GC production to specific health

outcomes for high- versus low-status individuals will provide

information on the moderating role of GC production on

status-related outcomes. For example, some studies have

related GC production (versus social status) to specific

health outcomes like mortality and illness/resilience, and to

functional immune measures like wound healing and para-

site clearance (e.g. [61,145–148]). The same GC receptor

sensitivity assays in cultured immune cells described above

can also provide insights into molecular correlates of

immune system function in high-GC animals [140]. Finally,

experimental work (and taking advantage of naturally

occurring shifts in social status) will provide insights into

the relative causal relationship between social status costs/

benefits and GC production, and between GC production

and health-related outcomes [139,144,146,149–152].
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23. Armario A, Gavaldà A, Martı́ J. 1995 Comparison of
the behavioural and endocrine response to forced
swimming stress in five inbred strains of rats.
Psychoneuroendocrinology 20, 879 – 890. (doi:10.
1016/0306-4530(95)00018-6)

24. Garcı́a A, Martı́ O, Vallès A, Dal-Zotto S, Armario A.
2000 Recovery of the hypothalamic – pituitary –
adrenal response to stress: effects of stress intensity,
stress duration and previous stress exposure.
Neuroendocrinology 72, 114 – 125. (doi:10.1159/
000054578)

25. Márquez C, Belda X, Armario A. 2002 Post-stress
recovery of pituitary – adrenal hormones and
glucose but not the response during exposure to
the stressor, is a marker of stress intensity in highly
stressful situations. Brain Res. 926, 181 – 185.
(doi:10.1016/S0006-8993(01)03112-2)

26. Kudielka BM, Kirschbaum C. 2005 Sex differences
in HPA axis responses to stress: a review. Biol.
Psychol. 69, 113 – 132. (doi:10.1016/j.biopsycho.
2004.11.009)

27. Romeo RD. 2010 Pubertal maturation and
programming of hypothalamic – pituitary – adrenal
reactivity. Front. Neuroendocrinol. 31, 232 – 240.
(doi:10.1016/j.yfrne.2010.02.004)

28. Koolhaas JM et al. 2011 Stress revisited: a critical
evaluation of the stress concept. Neurosci. Biobehav.
Rev. 35, 1291 – 1301. (doi:10.1016/j.neubiorev.
2011.02.003)

29. Dhabhar FS, McEwen BS. 1999 Enhancing versus
suppressive effects of stress hormones on skin
immune function. Proc. Natl Acad. Sci. USA 96,
1059 – 1064. (doi:10.1073/pnas.96.3.1059)
30. Rosmond R, Chagnon YC, Holm G, Chagnon M,
Perusse L, Lindell K, Carlsson B, Bouchard C,
Bjorntorp P. 2000 A glucocorticoid receptor gene
marker is associated with abdominal obesity, leptin,
and dysregulation of the hypothalamic – pituitary –
adrenal axis. Obesity Res. 8, 211 – 218. (doi:10.
1038/oby.2000.24)

31. Scheuer DA, Bechtold AG, Shank SS, Akana SF. 2004
Glucocorticoids act in the dorsal hindbrain to
increase arterial pressure. Am. J. Physiol. Heart Circ.
Physiol. 286, H458 – H467. (doi:10.1152/ajpheart.
00824.2003)

32. Karatsoreos IN, Bhagat SM, Bowles NP, Weil ZM,
Pfaff DW, McEwen BS. 2010 Endocrine and
physiological changes in response to chronic
corticosterone: a potential model of the metabolic
syndrome in mouse. Endocrinology 151,
2117 – 2127. (doi:10.1210/en.2009-1436)

33. Creel S. 2001 Social dominance and stress
hormones. Trends Ecol. Evol. 16, 491 – 497.
(doi:10.1016/S0169-5347(01)02227-3)

34. Abbott DH et al. 2003 Are subordinates always
stressed? A comparative canalysis of rank differences
in cortisol levels among primates. Horm. Behav. 43,
67 – 82. (doi:10.1016/S0018-506X(02)00037-5)

35. Goymann W, Wingfield JC. 2004 Allostatic load,
social status and stress hormones: the costs of social
status matter. Anim. Behav. 67, 591 – 602. (doi:10.
1016/j.anbehav.2003.08.007)

36. Sapolsky RM. 2005 The influence of social hierarchy
on primate health. Science 308, 648 – 652. (doi:10.
1126/science.1106477)

37. Habig B, Archie EA. 2015 Social status, immune
response and parasitism in males: a meta-analysis.
Phil. Trans. R. Soc. B 370, 20140109. (doi:10.1098/
rstb.2014.0109)

38. Cavigelli SA, Chaudhry H. 2012 Social status,
glucocorticoids, immune function, and health: can
animal studies help us understand human
socioeconomic-status-related health disparities?
Horm. Behav. 62, 295 – 313. (doi:10.1016/j.yhbeh.
2012.07.006)

39. Creel S, Dantzer B, Goymann W, Rubenstein DR.
2013 The ecology of stress: effects of the social
environment. Func. Ecol. 27, 66 – 80. (doi:10.1111/j.
1365-2435.2012.02029.x)

40. Gesquiere LR, Learn NH, Simao MCM, Onyango PO,
Alberts SC, Altmann J. 2011 Life at the top: rank
and stress in wild male baboons. Science 333,
357 – 360. (doi:10.1126/science.1207120)

41. Crockford C, Wittig RM, Whitten PL, Seyfarth RM,
Cheney DL. 2008 Social stressors and coping
mechanisms in wild female baboons (Papio
hamadryas ursinus). Horm. Behav. 53, 254 – 265.
(doi:10.1016/j.yhbeh.2007.10.007)

42. Weingrill T, Gray DA, Barrett L, Henzi SP. 2004 Fecal
cortisol levels in free-ranging female chacma
baboons: relationship to dominance, reproductive
state and environmental factors. Horm. Behav. 45,
259 – 269. (doi:10.1016/j.yhbeh.2003.12.004)

http://dx.doi.org/10.1016/S0091-6773(74)90289-2
http://dx.doi.org/10.1016/S0091-6773(74)90289-2
http://dx.doi.org/10.1017/S0140525X00009614
http://dx.doi.org/10.1017/S0140525X00009614
http://dx.doi.org/10.1126/science.277.5327.828
http://dx.doi.org/10.1016/j.anbehav.2008.12.014
http://dx.doi.org/10.1016/j.anbehav.2008.12.014
http://dx.doi.org/10.1016/j.physbeh.2010.09.004
http://dx.doi.org/10.1016/j.physbeh.2010.09.004
http://dx.doi.org/10.1073/pnas.1206391109
http://dx.doi.org/10.1073/pnas.1206391109
http://dx.doi.org/10.1146/annurev-clinpsy-050212-185634
http://dx.doi.org/10.1146/annurev-clinpsy-050212-185634
http://dx.doi.org/10.1098/rstb.2013.0074
http://dx.doi.org/10.1098/rstb.2013.0074
http://dx.doi.org/10.1196/annals.1314.001
http://dx.doi.org/10.1163/156853980X00447
http://dx.doi.org/10.1016/0022-5193(76)90072-2
http://dx.doi.org/10.1163/156853996X00530
http://dx.doi.org/10.1163/156853996X00530
http://dx.doi.org/10.1093/beheco/ars021
http://dx.doi.org/10.1146/annurev.es.05.110174.001545
http://dx.doi.org/10.1111/j.1469-7998.1978.tb03934.x
http://dx.doi.org/10.1111/j.1469-7998.1978.tb03934.x
http://dx.doi.org/10.1006/jhev.1995.1019
http://dx.doi.org/10.1006/jhev.1995.1019
http://dx.doi.org/10.1016/0531-5565(83)90051-7
http://dx.doi.org/10.1006/hbeh.1994.1044
http://dx.doi.org/10.1006/hbeh.1994.1044
http://dx.doi.org/10.1016/0306-4530(95)00018-6
http://dx.doi.org/10.1016/0306-4530(95)00018-6
http://dx.doi.org/10.1159/000054578
http://dx.doi.org/10.1159/000054578
http://dx.doi.org/10.1016/S0006-8993(01)03112-2
http://dx.doi.org/10.1016/j.biopsycho.2004.11.009
http://dx.doi.org/10.1016/j.biopsycho.2004.11.009
http://dx.doi.org/10.1016/j.yfrne.2010.02.004
http://dx.doi.org/10.1016/j.neubiorev.2011.02.003
http://dx.doi.org/10.1016/j.neubiorev.2011.02.003
http://dx.doi.org/10.1073/pnas.96.3.1059
http://dx.doi.org/10.1038/oby.2000.24
http://dx.doi.org/10.1038/oby.2000.24
http://dx.doi.org/10.1152/ajpheart.00824.2003
http://dx.doi.org/10.1152/ajpheart.00824.2003
http://dx.doi.org/10.1210/en.2009-1436
http://dx.doi.org/10.1016/S0169-5347(01)02227-3
http://dx.doi.org/10.1016/S0018-506X(02)00037-5
http://dx.doi.org/10.1016/j.anbehav.2003.08.007
http://dx.doi.org/10.1016/j.anbehav.2003.08.007
http://dx.doi.org/10.1126/science.1106477
http://dx.doi.org/10.1126/science.1106477
http://dx.doi.org/10.1098/rstb.2014.0109
http://dx.doi.org/10.1098/rstb.2014.0109
http://dx.doi.org/10.1016/j.yhbeh.2012.07.006
http://dx.doi.org/10.1016/j.yhbeh.2012.07.006
http://dx.doi.org/10.1111/j.1365-2435.2012.02029.x
http://dx.doi.org/10.1111/j.1365-2435.2012.02029.x
http://dx.doi.org/10.1126/science.1207120
http://dx.doi.org/10.1016/j.yhbeh.2007.10.007
http://dx.doi.org/10.1016/j.yhbeh.2003.12.004


rstb.royalsocietypublishing.org
Phil.Trans.R.Soc.B

370:20140103

11
43. Engh AL, Beehner JC, Bergman TJ, Whitten PL,
Hoffmeier RR, Seyfarth RM, Cheney DL. 2006
Female hierarchy instability, male immigration and
infanticide increase glucocorticoid levels in female
chacma baboons. Anim. Behav. 71, 1227 – 1237.
(doi:10.1016/j.anbehav.2005.11.009)

44. Wittig RM, Crockford C, Lehmann J, Whitten PL,
Seyfarth RM, Cheney DL. 2008 Focused grooming
networks and stress alleviation in wild female
baboons. Horm. Behav. 54, 170 – 177. (doi:10.1016/
j.yhbeh.2008.02.009)

45. Seyfarth RM, Silk JB, Cheney DL. 2012 Variation in
personality and fitness in wild female baboons.
Proc. Natl Acad. Sci. USA 109, 16 980 – 16 985.
(doi:10.1073/pnas.1210780109)

46. Setchell JM, Smith T, Wickings EJ, Knapp LA. 2008
Factors affecting fecal glucocorticoid levels in semi-
free-ranging female mandrills (Mandrillus sphinx).
Am. J. Primatol. 70, 1023 – 1032. (doi:10.1002/
ajp.20594)

47. Hoffman CL, Ayala JE, Mas-Rivera A, Maestripieri D.
2010 Effects of reproductive condition and
dominance rank on cortisol responsiveness to stress
in free-ranging female rhesus macaques.
Am. J. Primatol. 72, 559 – 565.

48. van Schaik CP, van Noordwijk MA, van Bragt T,
Blankenstein MA. 1991 A pilot study of the social
correlates of levels of urinary cortisol, prolactin, and
testosterone in wild long-tailed macaques (Macaca
fascicularis). Primates 32, 345 – 356. (doi:10.1007/
BF02382675)

49. Edwards KL, Walker SL, Bodenham RF, Ritchie H,
Shultz S. 2013 Associations between social
behaviour and adrenal activity in female Barbary
macaques: consequences of study design. Gen.
Comp. Endocrinol. 186, 72 – 79. (doi:10.1016/j.
ygcen.2013.02.023)

50. Thompson ME, Muller MN, Kahlenberg SM, Wrangham
RW. 2010 Dynamics of social and energetic stress in
wild female chimpanzees. Horm. Behav. 58, 440 – 449.
(doi:10.1016/j.yhbeh.2010.05.009)

51. Foerster S, Monfort SL. 2010 Fecal glucocorticoids as
indicators of metabolic stress in female Sykes’
monkeys (Cercopithecus mitis albogularis). Horm.
Behav. 58, 685 – 697. (doi:10.1016/j.yhbeh.2010.
06.002)

52. Sousa MBC, Da Rocha Albuquerque ACS, Da Silva AF,
Araujo A, Yamamoto ME, De Fatima AM. 2005
Behavioral strategies and hormonal profiles of
dominant and subordinate common marmoset
(Callithrix jacchus) females in wild monogamous
groups. Am. J. Primatol. 67, 37 – 50. (doi:10.1002/
ajp.20168)

53. Cavigelli SA, Dubovick T, Levash W, Jolly A, Pitts A.
2003 Female dominance status and fecal corticoids
in a cooperative breeder with low reproductive
skew: ring-tailed lemurs (Lemur catta). Horm.
Behav. 43, 166 – 179. (doi:10.1016/S0018-
506X(02)00031-4)

54. Pride RE. 2005 Foraging success, agonism, and
predator alarms: behavioral predictors of cortisol in
Lemur catta. Int. J. Primatol. 26, 295 – 319. (doi:10.
1007/s10764-005-2926-9)
55. Starling AP, Charpentier MJE, Fitzpatrick C, Scordato
ES, Drea CM. 2010 Seasonality, sociality, and
reproduction: long-term stressors of ring-tailed
lemurs (Lemur catta). Horm. Behav. 57, 76 – 85.
(doi:10.1016/j.yhbeh.2009.09.016)

56. Muller MN, Wrangham RW. 2004 Dominance,
cortisol and stress in wild chimpanzees (Pan
troglodytes schweinfurthii). Behav. Ecol. Sociobiol.
55, 332 – 340. (doi:10.1007/s00265-003-0713-1)

57. Robbins MM, Czekala NM. 1997 A preliminary
investigation of urinary testosterone and cortisol
levels in wild male mountain gorillas.
Am. J. Primatol. 43, 51 – 64. (doi:10.1002/
(SICI)1098-2345(1997)43:1,51::AID-AJP4.3.0.
CO;2-X)

58. Sapolsky RM. 1982 The endocrine stress-response
and social status in the wild baboon. Horm. Behav.
16, 279 – 292. (doi:10.1016/0018-506X(82)90027-7)

59. Sapolsky RM. 1983 Endocrine aspects of social
instability in the olive baboon (Papio anubis).
Am. J. Primatol. 5, 365 – 379. (doi:10.1002/ajp.
1350050406)

60. Bergman TJ, Beehner JC, Cheney DL, Seyfarth RM,
Whitten PL. 2005 Correlates of stress in free-ranging
male chacma baboons, Papio hamadryas ursinus.
Anim. Behav. 70, 703 – 713. (doi:10.1016/j.anbehav.
2004.12.017)

61. Setchell JM, Smith T, Wickings EJ, Knapp LA. 2010
Stress, social behaviour, and secondary sexual traits
in a male primate. Horm. Behav. 58, 720 – 728.
(doi:10.1016/j.yhbeh.2010.07.004)

62. Girard-Buttoz C, Heistermann M, Krummel S,
Engelhardt A. 2009 Seasonal and social influences
on fecal androgen and glucocorticoid excretion in
wild male long-tailed macaques (Macaca
fascicularis). Physiol. Behav. 98, 168 – 175. (doi:10.
1016/j.physbeh.2009.05.005)

63. Barrett GM, Shimizu K, Bardi M, Asaba S, Mori A.
2002 Endocrine correlates of rank, reproduction, and
female-directed aggression in male Japanese
macaques (Macaca fuscata). Horm. Behav. 42,
85 – 96. (doi:10.1006/hbeh.2002.1804)

64. Ostner J, Heistermann M, Schülke O. 2008
Dominance, aggression and physiological stress in
wild male Assamese macaques (Macaca
assamensis). Horm. Behav. 54, 613 – 619. (doi:10.
1016/j.yhbeh.2008.05.020)

65. Lynch JW, Ziegler TE, Strier KB. 2002 Individual and
seasonal variation in fecal testosterone and cortisol
levels of wild male tufted capuchin monkeys, Cebus
paella nigritus. Horm. Behav. 41, 275 – 287. (doi:10.
1006/hbeh.2002.1772)

66. Schoof VAM, Jack KM. 2013 The association of
intergroup encounters, dominance status, and fecal
androgen and glucocorticoid profiles in wild male
white-faced capuchins (Cebus capucinus).
Am. J. Primatol. 75, 107 – 115. (doi:10.1002/
ajp.22089)

67. Mendonça-Furtado O, Edaes M, Palme R, Rodrigues
A, Siqueira J, Izar P. 2014 Does hierarchy stability
influence testosterone and cortisol levels of bearded
capuchin monkeys (Sapajus libidinosus) adult
males? A comparison between two wild groups.
Behav. Proc. 109, 79 – 88. (doi:10.1016/j.beproc.
2014.09.010)

68. Bales KL, French JA, McWilliams J, Lake RA, Dietz
JM. 2006 Effects of social status, age, and season on
androgen and cortisol levels in wild male golden
lion tamarins (Leontopithecus rosalia). Horm. Behav.
49, 88 – 95. (doi:10.1016/j.yhbeh.2005.05.006)

69. Fichtel C, Kraus C, Ganswindt A, Heistermann M.
2007 Influence of reproductive season and rank on
fecal glucocorticoid levels in free-ranging male
Verreaux’s sifakas (Propithecus verreauxi). Horm.
Behav. 51, 640 – 648. (doi:10.1016/j.yhbeh.2007.
03.005)

70. Gould L, Ziegler TE, Wittwer DJ. 2005 Effects of
reproductive and social variables on fecal
glucococorticoid levels in a sample of adult male
ring-tailed lemurs (Lemur catta) at the Beza
Mahafaly Reserve, Madagascar. Am. J. Primatol. 67,
5 – 23. (doi:10.1002/ajp.20166)

71. Schülke O, Bhagavatula J, Vigilant L, Ostner J. 2010
Social bonds enhance reproductive success in male
macaques. Curr. Biol. 20, 2207 – 2210. (doi:10.1016/
j.cub.2010.10.058)

72. Jolly A. 1967 Lemur behavior. A Madagascar field
study. Chicago, IL: University of Chicago Press.

73. Vick LG, Pereira ME. 1989 Episodic targeting
aggression and the histories of Lemur social groups.
Behav. Ecol. Sociobiol. 25, 3 – 12. (doi:10.1007/
BF00299705)

74. Arriza JL, Weinberger C, Cerelli G, Glaser TM,
Hendelin BL, Houseman DE, Evans RM. 1987
Cloning of the human mineralocorticoid receptor
complementary cDNA: structural and functional
kinship with the glucocorticoid receptor. Science
237, 268 – 274. (doi:10.1126/science.3037703)

75. de Kloet ER, Oitzl MS, Joels M. 1993 Functional
implications of brain corticosteroid receptor
diversity. Cell Mol. Neurobiol. 13, 433 – 455. (doi:10.
1007/BF00711582)

76. Rupprecht R, Arriza JL, Sprengler D, Reul JMHM, Evans
RM, Holsboer F, Damm K. 1993 Transactivation and
synergistic properties of the mineralocorticoid
receptor: relations to the glucocorticoid receptor.
Mol. Endocrinol. 7, 597 – 603.

77. Miller AH, Spencer RL, Pearce BD, Pisell TL, Azrieli Y,
Tanapat P, Moday H, Rhee R, McEwen BS. 1998
Glucocorticoid receptors are differentially expressed
in the cells and tissues of the immune system.
Cell. Immunol. 186, 45 – 54. (doi:10.1006/cimm.
1998.1293)
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121. Joëls M, Krugers H, Karst H. 2014 Regulation of
excitatory synapses by stress hormones. In Synaptic
stress and pathogenesis of neuropsychiatric disorders
(eds M Popoli, D Diamond, G Sanacora), pp. 19 – 32.
New York, NY: Springer.

122. Monfort SL. 2003 Non-invasive endocrine measures
of reproduction and stress in wild populations. In
Reproduction and integrated conservation science
(eds DE Wildt, W Holt, A Pickard), pp. 147 – 165.
Cambridge, UK: Cambridge University Press.
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