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Revised 1 March 2017 health and fitness of wild populations. Yet, several problems have been identified in the vertebrate research
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Available online 18 March 2017 that also apply to the non-human primate research. First, glucocorticoids should not be used as a proxy for fitness

(unless a link has previously been established between glucocorticoids and fitness for a particular population).
Second, stress research in behavioral ecology has been overly focused on “chronic stress” despite little evidence

iiﬁosrf:e'ss that chronic stress hampers fitness in wild animals. Third, research effort has been disproportionately focused on
Chronic stress the causes of glucocorticoid variation rather than the fitness consequences. With these problems in mind, we
Corticosterone have three objectives for this review. We describe the conceptual framework behind the “stress concept”, em-
Cortisol phasizing that high glucocorticoids do not necessarily indicate a stress response, and that a stress response
Fitness does not necessarily indicate an animal is in poor health. Then, we conduct a comprehensive review of all studies
;‘:‘:Sins on “stress” in wild primates, including any study that examined environmental factors, the stress response, and/

or fitness (or proxies for fitness). Remarkably, not a single primate study establishes a connection between all

ggrevsii:wonse three. Finally, we provide several recommendations for future research in the field of primate behavioral endo-
crinology, primarily the need to move beyond identifying the factors that cause glucocorticoid secretion to addi-
tionally focus on the relationship between glucocorticoids and fitness. We believe that this is an important next

step for research on stress physiology in primates.
© 2017 Elsevier Inc. All rights reserved.
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Stress in addition to being itself, is also the cause of itself, and the re-

sult of itself.

[(Roberts, 1950; a physician paraphrasing an address given by Hans
Selye -, as quoted by Rosch 2010).]

1. Introduction

For nearly 40 years, researchers have sought to understand the
causes and consequences of hormone fluctuations in wild animals
(Wingfield, 1976). As a window into the energetic demands that accom-
pany environmental challenges (Sapolsky et al., 2000), it is not surpris-
ing that glucocorticoids have come to dominate the majority of this
research effort. However, it has been argued that this research effort
has been disproportionately focused on the causes of glucocorticoid var-
iation in wild vertebrate populations, rather than the fitness conse-
quences (Bonier et al., 2009; Breuner et al., 2008; Dantzer et al., 2014).
In this review, we argue that research on glucocorticoids in wild non-
human primates suffers from a similar problem. Thus, we first outline
some of the problems that unintentionally may have steered some of
this research away from investigations into the adaptive nature of the
“stress response”. Second, to summarize the current state of glucocorti-
coid research in wild primate populations, we list all studies that have
examined some aspect of stress physiology in wild primates. Our goal
was to include any study that examined the relationship between envi-
ronmental factors, the stress response, and performance/fitness vari-
ables. Remarkably, none of the primate research at the time of this
review (Jan 2016) followed the connection between all three. Research
efforts in the broader animal literature are increasingly being geared to-
wards this end (e.g., Rivers et al., 2012; Marasco et al., 2015), and we
suggest that primate research is ripe for this type of inquiry as well.

Centuries ago, the field of physics established the term “stress” as an
external force that produces a proportional amount of “strain” (or defor-
mation) on an object (Hooke's law). Importantly, the term “stress” de-
scribes the external cause, and the term “strain” describes the internal
result. Today, in the mechanical engineering literature, there is little
confusion about what constitutes stress versus strain, and we have
many sound architectural structures as proof. By contrast, the adoption
of the term “stress” for use in the physiological literature, has been more
problematic (Levine, 2005). In 1936, Dr. Hans Selye introduced the term
to physiology after he discovered that a noxious stimulus (e.g., injec-
tions) delivered repeatedly to laboratory rats produced peptic ulcers
(Selye, 1936). He regrettably used the term “stress” interchangeably
to describe both the cause (injections) and the effect (ulcers). (Selye
later bemoaned that he would have rather gone down in history as
the father of the “strain concept”, Rosch, 2010). As exemplified in the
opening quote to this review, early confusion surrounding the stress
concept was due to the linguistic problem of using the same word to de-
scribe both the cause and effect (Romero et al., 2009) - and even more
recent publications claim to “measure stress” without initially specify-
ing whether this means they intend to measure the external stressor
or the internal response (e.g., Moberg, 2000). One solution to this prob-
lem has been to use the term “stressor” to indicate the cause of stress
(external or internal) and the term “stress response” to indicate the in-
ternal physiological response. However, by these definitions, the physi-
ological reaction is deemed a “stress response” if it is triggered in

response to a “stressor” - in what clearly becomes circular reasoning.
To get around this, many researchers have successfully adopted an inde-
pendent definition for a stressor - that is, any unpredictable and/or un-
controllable stimulus (Levine and Ursin, 1991), and this remains the
most widely-used definition.

Yet, a deeper conceptual confusion remains. Perhaps because Hans
Selye first discovered and reported the detrimental side of stress (i.e.,
chronic stress), the adaptive side to the stress response has never re-
ceived the attention it deserves (i.e., the fitness-enhancing effects,
with “fitness” defined as any proxy or direct measure of breeding suc-
cess among individual animals in natural populations (Clutton-Brock,
1988)). To be clear, most studies on “stress” do explain the dual nature
of the stress response. Nearly three quarters of the studies reviewed
here include in their introductions a paragraph or two on the idea that
although the initial physiological response to challenging stimuli is con-
sidered to be adaptive (typically with no empirical citations), a
prolonged activation can cause severe reductions in health and longev-
ity, with extensive empirical citations from the biomedical literature
(e.g., Brotman et al., 2007; Juster et al., 2010; Lupien et al., 2009;
Sapolsky, 2004a). The emphasis and focus is therefore on the latter,
leaving a reader with the impression that this is a physiological re-
sponse gone-wrong. The biomedical research has understandably fo-
cused on the negative health consequences that result from
psychological stressors that impact the lives of humans. However, this
“biomedical bias” has spilled over to non-biomedical literature and
has unnecessarily influenced the direction and interpretation of re-
search across many evolutionary and ecological disciplines (Boonstra,
2013).

With the exception of extreme situations, such as degraded habitats
or captive environments, organisms in natural populations do not ap-
pear to experience net decreases in fitness from stress effects
(Boonstra, 2013; Dantzer et al., 2014). Selection would not maintain a
physiological response that routinely harmed an organism's fitness.
This misunderstanding - mainly, that the stress response is harmful -
could be alleviated if we had more evidence for the adaptive side of
the stress response in natural populations (Fig. 1). As others have
noted previously, research that seeks to link a stress response to an
adaptive outcome has been scarce across behavioral ecology, more gen-
erally (Bonier et al., 2009; Breuner et al., 2008; Dantzer et al., 2014) and
nearly entirely absent in primate behavioral ecology, specifically.

In this review, we start out with an attempt to clarify the conceptual
framework behind the “stress concept”, focusing on how this neuroen-
docrine response might mitigate the effects of a challenging environ-
ment. We focus on one particular physiological mediator,
glucocorticoid secretion, because this class of hormones is the primary
measure that is available from wild primate populations.

2. The stress concept — a conceptual framework
2.1. HPA activation

To understand the stress concept in an evolutionary conceptual
framework, it is first necessary to outline the physiological mechanisms
(see the following reviews for more comprehensive details:
Charmandari et al, 2005; Johnstone et al., 2012; Romero and
Wingfield, 2016; Sapolsky et al., 2000). First, sensory information from
an unpredictable, uncontrollable, and/or aversive stimulus (“stressor”)
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arrives in the amygdala. These stressors derive from extrinsic (e.g., an- response) and the adrenocortical response (together, these two
thropogenic, ecological, or social in nature) or intrinsic sources constitute the hypothalamic-pituitary-adrenal (HPA) axis). The
(e.g., age, life history stage, reproductive condition, immune condition; adrenomedullary response activates the sympathetic nervous system

Fig. 1). Second, the hypothalamus triggers a neuroendocrine causing the instantaneous release of catecholamines (e.g., epinephrine
cascade that includes the adrenomedullary (i.e., the fight-flight-freeze and norepinephrine) from the postganglionic fibers of the sympathetic
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Fig. 1. Theoretical framework illustrating the relationship between (a) the ‘environment’ (gray arrows and circles) and GC secretion and (b) the relationship between GC secretion,
intermediate performance, and fitness measures (modified from Breuner et al., 2008). Note that relationships among the gray circles are far more extensive than depicted here (and
categories may overlap considerably). To date, there are no wild primate studies that examine both sides of this diagram: linking the environmental regulation of GC secretion to GC
effects on fitness; and there is only one wild primate study that examined the relationship between GC secretion and fitness (Pride, 2005b).
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nervous system (Morrison and Cao, 2000) and from the adrenal medul-
la of the adrenal gland (Wurtman and Axelrod, 1965). On a slightly
slower timescale, the adrenocortical response causes the hypothalamus
to synthesize and secrete corticotropin-releasing hormone (CRH),
which stimulates the anterior pituitary to secrete adrenocorticotropic
hormone (ACTH) into general circulation. ACTH travels to the adrenal
cortex of the adrenal gland where it stimulates the synthesis and secre-
tion of many adrenal hormones, including glucocorticoids (e.g., cortisol
and corticosterone) as well as androgens (e.g., DHEA). Adrenal hor-
mones enter systemic circulation via the bloodstream and travel to tar-
get receptors throughout the brain and body.

2.2. Negative feedback inhibition

Regulation of glucocorticoid (GC) secretion is subject to negative
feedback control mediated by receptors primarily in the brain
(Herman et al., 2012). Glucocorticoids bind to high-affinity mineralo-
corticoid receptors (MRs) or low-affinity glucocorticoid receptors
(GRs), which function as transcription factors to positively or negatively
regulate gene expression (De Kloet et al., 1998). At low levels, the high-
affinity MRs are bound and facilitate daily metabolic signaling (Dallman
et al., 1989). At high levels, such as during an environmental stressor,
the low-affinity GRs are bound and mediate negative feedback inhibi-
tion of their own secretion (De Kloet et al., 1998).

Importantly, many of the physiological meditators that constitute
the stress response - such as those involved in the hypothalamic-pitui-
tary-adrenal (e.g., GCs) and cardiovascular (e.g., catecholamines) sys-
tems (Romero et al., 2009) - are the same mediators involved in
routine metabolic functions (e.g., digestion, migration, reproduction,
and circadian/circannual rhythms, (Wingfield, 2013b)). Indeed, their
role in successful metabolism is exactly why these mediators are called
upon to counteract stressful stimuli. For example, GCs (and many of
the other physiological mediators involved in the stress response) me-
diate the effects of the stressors, recalibrate life history priorities, and/
or restore homeostatic metabolic functions.

Because GCs mobilize energy when it is needed, we expect that more
energy-demanding periods will be associated with more GC secretion.
Specifically, organisms should exhibit extensive variation in GCs that
correspond to circadian variation, circannual variation, and different de-
velopmental and reproductive stages. Variation in GC secretion across
these categories constitute a normative response called “predictive ho-
meostasis” (Fig. 2 modified from Romero et al., 2009) that has little to do
with stressful stimuli. However, despite their routine role in metabo-
lism, there remains a strong tendency in the literature to refer to GCs
as “stress hormones” - a term that undermines the extent to which
these hormones modulate energy balance on a day-to-day basis. In-
stead, a more appropriate descriptive term for GCs is “metabolic hor-
mones” (e.g., Dantzer et al., 2016). This description helps broaden the
scope of stress research to consider why these hormones fluctuate in re-
sponse to social and ecological challenges and what they do to restore
balance.

2.3. Initial stress response

Over and above physiological variation associated with predictive
homeostasis, organisms are additionally expected to have the flexibility
to respond to the cumulative “wear and tear” of challenging environ-
mental stimuli that they experience day-to-day. This is what is typically
called a stress response but (in moving away from terms that involve
the word “stress”) is increasingly known as “reactive homeostasis”
(Fig. 2, Romero et al., 2009). An organism's adaptive response to a
stressor leads to physiological and behavioral changes that increase
chances for survival (Charmandari et al., 2005). Behavioral modifica-
tions include increased arousal and vigilance, improved cognition, and
focused attention. Physiological responses include enhanced analgesia,
elevations in core temperature, inhibition of non-essential metabolic

Homeostatic overload
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Fig. 2. Graphical model of how glucocorticoids (GCs) can vary across the day (circadian
variation), the year (circannual variation), or in response to a challenging stimulus
(stress response). All of these elevations in GCs combined fall within the “normal
reactive scope” for an individual organism. That is, they are part of the adaptive
variation in GCs that we should expect to observe in organisms through time. Although
theoretically there is a “homeostatic overload” for GCs, this threshold is only crossed in
extreme situations such as degraded habitats or captive environments. Figure and
terminology modified from Romero et al., 2009.

functions (such as growth, appetite, and reproduction ), increases in car-
diovascular tone and respiratory rate, and a redirection of energy out of
storage and into a form (glucose) that can be used immediately (Nelson,
2011). Together, the total variation in GC levels (or any other physiolog-
ical mediator) that includes both the predictive and reactive homeostat-
ic responses is called the “normal reactive scope” for an organism (Fig. 2,
Romero et al., 2009). Importantly, an HPA response that remains within
this normal reactive scope constitutes a protective, adaptive response
by the organism to achieve allostasis (physiological stability in the
face of environmental challenges; (McEwen and Wingfield, 2003)).

2.4. Chronic HPA response

However, laboratory studies have demonstrated that if the magni-
tude or the duration of the stressor extends beyond what an organism
can handle, the same HPA response can subsequently decrease an
organism's health and longevity (Juster et al., 2010). This extended re-
sponse is typically called a “chronic stress response” (also called “ho-
meostatic overload”, Fig. 2, Romero et al, 2009). The primary
distinction from the initial stress response is that a chronic stress re-
sponse leads to a state of HPA dysregulation, which hampers overall
health and fitness (Sapolsky et al., 2000). For example, with respect to
GC secretion in response to an immediate physical stressor, a “good” re-
sponse is one that exhibits (1) a low GC baseline, (2) a fast GC increase,
and (3) arapid induction of negative feedback, usually measured exper-
imentally by degree of dexamethasone resistance (Breuner et al., 2008).
Chronically-stressed animals fail to exhibit one or more of these re-
sponses (although some species (e.g., voles) appear to be consistently
dexamethasone resistant, Taymans et al., 1997). Across the biomedical
literature, the chronic stress response has been linked to a number of
adverse health effects and disorders (Chrousos and Gold, 1992;
Sapolsky, 2004a), including decreases in growth rates, increases in car-
diovascular disease, infertility, molecular ageing, and premature death
(Epel et al., 2004; Homyack, 2010; Sapolsky et al., 2000). Despite sup-
port for the concept of chronic stress in laboratory animals and humans,
it is doubtful whether this concept has any relevance for understanding
the stress response in natural populations (Boonstra, 2013, Dantzer et
al, 2016).
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Wild primate studies examining rank-related predictors of glucocorticoid levels (GCs).

Rank-related predictors

Primate species

Pan troglodytes
Pan troglodytes
Pan troglodytes
Papio ursinus
Papio ursinus
Macaca fuscata
Cercopithecus mitis

Lemur catta

Macaca mulatta
Macaca sylvanus
Papio cynocephalus
Papio cynocephalus
Papio ursinus

Papio ursinus

Mandrillus sphinx
Cercopithecus mitis
Macaca fascicularis

Macaca mulatta

Macaca sylvanus
Cebus capucinus
Leontopithecus rosalia

Callithrix jacchus

Lemur catta

Lemur catta

Pan troglodytes
Macaca assamensis
Macaca fascicularis
Pan paniscus
Pan troglodytes
Papio anubis
Papio cynocephalus
Papio ursinus
Lophocebus albigena
Macaca fascicularis
Macaca fuscata

Cebus capucinus

Sapajus libidinosus
Alouatta pigra
Propithecus verreauxi

Papio anubis

Papio ursinus
Mandrillus sphinx
Macaca mulatta
Pan troglodytes
Gorilla gorilla beringei
Pongo pygmaues
Hylobates lar
Papio cynocephalus
Papio papio
Macaca fascicularis
Macaca sylvanus
Cebus apella
Leontopithecus rosalia
Saguinus mystax
Lemur catta
Lemur catta
Lemur catta
Eulemur rubrifrons
Eulemur rubrifrons
Propithecus verreauxi

Sex

mmm MMM MM ™ T mTm ™™™ ™

-

M
M
M
M
M
M
M
M
M
M
M
M
M
M
M
M
M
M
M
M
M
M
M
M
M
M
M
M
M
M
M
M
M
M
M
M

Result

+ o+ o+ o+ o+ o+ o+

GC outcome Result Notes

Matrix® Reference

During pregnancy, lactation
In larger groups
During pregnancy
With grooming metrics
Low rank "loners" have highest GCs
High rank lower GCs than mid rank

With proximity reach
With grooming metrics
HPA sensitivity

Fetal loss

Short-term fertility
Short-term fertility

No rank effect, but low rank
increased GCs most during
anaesthesia

Cytokines (IL-8)

Mortality

Central vs peripheral
Alpha vs others

Alpha vs others

Alpha vs others

Alpha vs others
Central vs non-central

HPA sensitivity Low rank more DEX resistant

Parasites

Flanged vs unflanged

Parasites
HPA sensitivity

Alpha vs others
Breeding vs non
Breeding vs non

During breeding season

CTmmTmmmLUCS™m ™M MMM T T TG

~

M T T T T ™

MMM TMTTTTTTTTTTTTTTTTTTT Ut MMM \o Mttt T M Tt T o Cm

Emery Thompson et al., 2010
Markham et al., 2014

Murray et al., 2016

Wittig et al., 2008

Seyfarth et al., 2012
MaclIntosh et al., 2012
Foerster et al., 2011

Cavigelli 1999; Cavigelli et al.,
2003

Brent et al., 2011

Sonnweber et al., 2015
Sapolsky et al., 1997

Beehner et al., 2006a
Crockford et al., 2008
Weingrill et al., 2004

Setchell et al., 2008

Foerster & Monfort 2010

van Schaik et al., 1991
Maestripieri et al., 2008; Hoffman
etal., 2010; 2011; Hoffman &
Maestripieri 2012

Shutt et al., 2007

Carnegie et al., 2011

Bales et al., 2005

Sousa et al., 2005

Pride 2005a; 2005b

Starliing et al., 2010

Wittig et al., 2015

Ostner et al., 2008a

van Schaik et al., 1991
Surbeck et al., 2012

Muller & Wrangham 2004
Tkaczynski et al., 2014
Gesquiere et al., 2011
Kalbitzer et al., 2015

Arlet et al., 2009
Girard-Buttoz et al., 2014
Barrett et al., 2002
Schoof et al., 2011; 2013; 2014;
2016

Mendonga-Furtado et al., 2014
Van Belle et al., 2009
Fichtel et al., 2007
Sapolsky 1982; 1983a; 1983b;
1985; 1990

Bergman et al., 2005
Setchell et al., 2010
Higham et al., 2013
Muehlenbein & Watts 2010
Robbins & Czekala 1997
Marty et al., 2015

Gillespie et al., 2013
Sapolsky et al., 1997
Kalbitzer et al., 2015
Girard-Buttoz et al., 2009
Young et al., 2014

Lynch et al., 2002

Bales et al., 2006

Huck et al., 2005

Gould et al., 2005

Pride 2005¢

Starliing et al., 2010

Ostner et al., 2008b

Clough et al., 2010
Brockman et al., 2009

"Indicates studies where dominance rank was one of the primary factors examined.
?Indicates studies where dominance rank was only a secondary factor examined.
’Indicates an interaction between rank and a social variable (i.e., grooming or proximity).
“Indicates an interaction between rank and rank stability; STABILITY: high GCs in low-ranking animals, INSTABILITY: high GCs in high-ranking animals.
For matrix, the following abbreviations were used: U=urine, F=fecal, P=plasma, S=serum, H=hair.



J.C. Beehner, TJ. Bergman / Hormones and Behavior 91 (2017) 68-83 73

2.5. The paradox of the stress response

Given that the stress response largely functions to prioritize present
energy usage over future energy storage (a classic life history tradeoff,
(Wingfield and Sapolsky, 2003)), the dual nature of the stress response
is intuitively appealing; it is adaptive over the short-term but increas-
ingly unsustainable over time. In support of this, there is solid evidence
for the energy-mobilizing actions of the HPA axis in response to a stress-
or, making it easy to predict how HPA activation might facilitate, say, an
escape from a predator. Likewise, there is equally solid evidence for at-
tributing adverse health outcomes to these effects when chronically ac-
tivated. The eloquent writings of Robert Sapolsky have popularized the
concept of chronic stress across the biomedical, behavioral, and evolu-
tionary sciences (Sapolsky, 1993a; Sapolsky, 1990b, 1993b; Sapolsky
et al., 2000). Consequently, nearly three quarters of the stress studies
we reviewed here paid at least some tribute to the dual nature of the

Table 2
Wild primate studies examining anthropogenic predictors of glucocorticoid levels (GCs).

stress response in their introductions. But, this places the focus on the
wrong side of the equation.

In the biomedical literature, the vast majority of research on stress
has been devoted to the non-adaptive, chronic side. This bias in research
effort understandably stems from an applied, biomedical interest in
preventing stress-related disease in humans. However, this bias may
also underlie three interrelated but unwarranted assumptions in the
non-biomedical stress literature: (1) that because the stress response
is “bad”, it can be used as a proxy for fitness, (2) that wild populations
routinely experience chronic stress, and (3) that the adaptive side of
the stress response has been well-supported and, therefore, is not in
need of our research effort. Our purpose here is not to demonstrate
that these assumptions are always wrong, but rather to alert researchers
that the applied problems of the biomedical world rarely translate to the
evolutionary and ecological problems of the natural world (Boonstra,
2013; Orchinik, 1998; Romero, 2004).

Anthropogenic predictors

Primate species Sex GC predictor Result

Papio anubis
Macaca mulatta

Macaca sylvanus
Cercopithecus aethiops

GC outcome Result

F Crop-raiding - PdG +
F Capture stress + P

Matrix'! Reference

F Lodge et al., 2013
Maestripieri et al., 2008

F Maréchal et al., 2011
S Suleman et al., 2004

Cercopithecus ascanius
Procolobus gordonorum
Procolobus rufomitratus
Procolobus rufomitratus

Eulemur rubriventer
Gorilla gorilla

Pongo pygmaues
Lophocebus albigena
Macaca mulatta
Chlorocebus aethiops
Procolobus rufomitratus
Alouatta palliata

Alouatta palliata
Alouatta palliata

Alouatta pigra

Alouatta pigra
Alouatta pigra

Ateles geoffroyi

Eulemur collaris
Microcebus murinus
Galago moholi

Alouatta seniculus
Alouatta belzebul

Ateles hybridus

M Human impact +
M Capture stress +

Habitat disturbance
Human impact
Capture stress

Habitat disturbance

Habitat disturbance
Human impact
Human impact

Habitat disturbance
Capture stress
Human impact

Environment fragmentation
Capture stress

Environment fragmentation

Environment fragmentation

Environment fragmentation

Human impact
Habitat disturbance
Habitat disturbance /
captivity
Habitat disturbance
Capture stress
Human impact

Human impact /
Environment fragmentation

Human impact

Human impact /
Environment fragmentation

U Aronsen et al., 2015

F Barelli et al., 2015

F Wasserman et al., 2013

U Aronsen et al., 2015

F Tecot 2013

F Shutt et al., 2014

F Muehlenbein et al., 2012
U Jaimez et al,, 2012

P Suomi et al., 1989

H Fourie et al., 2015b

F Chapman et al., 2006

F Aguilar-Cucurachi et al., 2010
F Dunn et al., 2013

F Gomez-Espinosa et al., 2014
F Martinez-Mota et al., 2007
F Behie et al., 2010

F Rangel-Negrin et al., 2014
F Rangel-Negrin et al., 2009
F Balestri et al., 2014

F Héamadldinen et al., 2014

F Scheun et al,, 2015

F Rimbach et al., 2013

F Monteiro et al., 2013

F Rimbach et al., 2013

'For matrix, the following abbreviations were used: F=fecal, U=urine, P=plasma, S=serum, H=hair.
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Table 3
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Wild primate studies examining ecological predictors of glucocorticoid levels (GCs).

GC outcome

Ecological predictors
Primate species Sex GC predictor Result
Papio anubis Temperature / food availability +/-
Papio cynocephalus Group size Low in mid-sized
Papio cynocephalus Seasonality High in dry season

Papio ursinus
Papio ursinus

Macaca assamensis

Papio cynocephalus
Theropithecus gelada
Macaca assamensis

Macaca sylvanus

Procolobus rufomitratus
Procolobus rufomitratus
Alouatta pigra

Predation +
High in winter

Seasonality

Food availability

Seasonality
Seasonality / altitude

Temperature (and male bonds)

Diet quality

Group size
Fruit consumption

- (pregnant females only)

Short-term fertility
Offspring growth | motor skill
acquisition / immune function

High in dry season
High when cold and high altitude
Food availability / physical condition ns
High when cold, but lowered by
male bonds

Population size

Parasites / population size

Result

Matrix! Reference

m M TmTm T

m Mmoo

-

MacLarnon et al., 2015
Markham et al., 2015
Gesquiere et al., 2008
Engh et al., 2006
Weingrill et al., 2004

Berghdnel et al., 2016

Gesquiere et al., 2011b
Beehner & McCann 2008
Schiilke et al., 2014

Young et al., 2014

Chapman et al., 2007; 2016
Snaith et al., 2008
Behie et al,, 2013

TFor matrix, the following abbreviations were used: F=fecal, U=urine, P=plasma, S=serum, H=hair.

2.6. Glucocorticoids are not a proxy for fitness

With the explosion of non-invasive and field-friendly methods for
hormone monitoring in recent decades, GCs are increasingly being mea-
sured in natural populations (Anestis, 2010; Dantzer et al., 2014; Sheriff
etal, 2011a). This body of research seeks to interpret the biological sig-
nificance of variation in hormone levels in wild organisms; and eleva-
tions in GCs are commonly interpreted as an index of environmental
stress. However, across these studies, an individual (or population)
with higher GCs are routinely assumed to be in worse condition com-
pared to an individual (or population) with lower GCs (Bonier et al.,
2009). To what degree is this assumption warranted?

First, let's consider where this assumption comes from. A challeng-
ing environment can lead directly to a reduction in fitness. For example,
if we compare animals in an environment with high predator pressure
to one with low predator pressure, animals in the high-predator

environment are more likely to exhibit an elevated stress response dur-
ing the months before some of them get eaten (due to increased preda-
tor encounters). A researcher comparing animals in the two
environments might report that animals with elevated GC levels have
higher mortality than those with lower GC levels. Even though the
higher number of predators is separately causing both the elevation in
GCs and the mortality, the assumption is that elevated GCs can be
used to successfully predict mortality (and, indeed, in this case, they
can). This has been termed the “Cort-Fitness Hypothesis” (Bonier
et al., 2009). Proponents of this hypothesis have argued that elevated
GCs are the canary-in-the-coal-mine with respect to fitness
(MacDougall-Shackleton et al., 2013).

But, this hypothesis is problematic for several reasons that have
remained underappreciated, despite several excellent reviews on the
topic (Bonier et al., 2009; Boonstra, 2013; Breuner et al.,, 2008;
Dickens and Romero, 2013). First, testing this hypothesis often leads

Table 4

Wild primate studies examining (non-rank-related) social predictors of glucocorticoid levels (GCs).

Social predictors (non-rank-related)

Primate species

Papio cynocephalus
Papio ursinus
Papio ursinus
Papio ursinus
Papio ursinus

Macaca assamensis

Macaca mulatta
Macaca mulatta
Macaca sylvanus
Macaca sylvanus

Papio anubis
Papio anubis
Papio anubis
Papio cynocephalus
Macaca assamensis
Macaca fascicularis

Macaca sylvanus

Cebus capucinus
Propithecus verreauxi

Sex GC predictor

Immigrant male
Death of kin / social bonds
Focused groom networks
Predictability of social interactions
Immigrant male

Same-sex sociality / opposite-sex sociality

Aggression
Self-directed behaviors
Grooming metrics
Grooming metrics

Self-directed behaviors [ aggression | grooming
Personality
Personality
Immigrant male
Mate guarding / consort duration
Mate guarding low-rank, nulliparous females

Aggression [ male bonds

Presence of periovulatory females
Presence of infants

M
M
M
M
M
M
M
M
M

Result GC outcome

Lymphocytes

- (non-mating season) /
- (mating season)
+
ns

Lower GCs giving than receiving
See full result in Table 7

ns
See full result in Table 7
See full result in Table 7
+ Lymphocytes
ns
+
High with high aggression, but
lowered by male bonds
+
+

Result

Matrix' Reference

CcTm MY T T T w

MM M MmMmw L um.

Alberts et al., 1992
Engh et al., 2006a
Wittig et al., 2008
Crockford et al., 2008
Beehner et al., 2005a

Fiirtbauer et al., 2014

Westergaard et al., 2003
Higham et al., 2009
Shutt et al., 2007
Sonnweber et al., 2015

Ellis et al., 2011

Ray & Sapolsky 1992
Virgin & Sapolsky 1997
Alberts et al., 1992
Schiilke et al., 2014
Girard-Buttoz et al., 2014b

Young et al., 2014

Schoof et al., 2014
Brockman et al., 2009

"For matrix, the following abbreviations were used: F=fecal, U=urine, P=plasma, S=serum, H=hair.
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to an apples-to-oranges comparisons. Most agree that, in response to an
environmental challenge, elevated GCs should increase an individual's
chance of surviving the challenge. For example, in an environment
with increased predator pressure, prey animals with higher GC secre-
tion may have heightened vigilance behavior, which could increase
the likelihood of detecting a predator. In other words, under the same
environmental challenge, individuals with a more effective stress re-
sponse should have higher fitness than an individual with a less effective
one. But, this is rarely the comparison that is made in stress research.
Rather, researchers measure GCs across different populations under dif-
ferent environmental challenges, or within the same population across
different years, and then report (more often than not) that the popula-
tion with higher GCs must be doing worse than the population with
lower GCs. Yet, this relationship would emerge simply because GCs
are a proxy for environmental challenges that themselves are related
to reduced fitness. That is, the fitness-reducing effects of the stressor
are not distinguished from the fitness-reducing effects of the stress re-
sponse (Johnstone et al., 2012).

Comparing GCs across environments is, of course, entirely warrant-
ed if the goal is to identify the environmental variables that affect GC se-
cretion; and this approach has produced the wealth of information that
is described in Tables 1-6. Indeed, this approach is perhaps the most
useful in conservation studies (if validated, see Madliger and Love,
2016), where researchers intentionally use increased GCs as a proxy
for environmental challenges.

Thus, if GC levels are to be used as a proxy for fitness, these assump-
tions must be validated with empirical data - that is, either fitness itself
or a proxy for fitness must be measured while controlling for

Table 5

environmental challenges. Yet, this is rarely done. Because most re-
search has been focused on the wrong comparisons, the adaptive nature
of the stress response remains poorly understood.

2.7. Chronic stress is probably not a selective force in natural populations

In his popular book, Why Zebras Don't Get Ulcers, Sapolsky argued
that wild animals cannot suffer from chronic stress (Sapolsky, 2004b),
since the stress axis evolved as an adaptive response to challenges and
chronic stress is maladaptive and pathological. He reasoned that
“sustained psychological stress is a recent invention, mostly limited to
humans and other social primates” (p. 4-7). A recent review followed
up on this idea claiming that any stress response in a wild population
must be adaptive and therefore promote survival (Boonstra, 2013). Cer-
tainly, evidence for a chronic stress response (and homeostatic over-
load) is found in captive animals in laboratories and zoos, and
evidence is on the rise for chronic stress effects in wild animals living
in anthropogenically-disturbed environments (Dantzer et al., 2016).
Chronic stress in laboratory animals is typically produced by repeatedly
restraining, shocking, or (for social species) isolating individuals from
the rest of the group. But, do we have evidence for non-adaptive stress
effects (“homeostatic overload”, Fig. 2) for animals living in undisturbed
environments? The debate here is not whether wild animals are ex-
posed to long-term stressors (indeed, often they are, Clinchy et al.,
2013); but rather whether wild animals suffer homeostatic overload
as a result - that is, whether the HPA axis falls into dysregulation and
leads to additional fitness costs beyond those imposed by the environ-
mental challenge.

Wild primate studies examining intrinsic predictors of and outcomes for glucocorticoid levels (GCs).

Intrinsic predictors
Primate species Sex GC predictor Result
Pan troglodytes
Pan troglodytes rj;‘;‘ésig:} Zt?tea rée ns
Papio cynocephalus Age +

Papio cynocephalus
Papio cynocephalus
Papio cynocephalus

Age [ maturation
Gestation stage ns

Macaca mulatta Reproductive stage

Parasites +
Age [ body mass

Cercopithecus mitis
Microcebus murinus

Pan troglodytes
Pan troglodytes Age

Rank of mother,
reproductive stage

=

Pan troglodytes

Papio anubis

Papio cynocephalus

Papio cynocephalus

Papio cynocephalus

Papio cynocephalus

Lophocebus albigena

Cebus capucinus

Microcebus murinus

Papio anubs x hamadryas hybrids

Age +
Age [ maturation
Rank of mother -

Age ns
Age [ body mass
Age [ hybridity

M
M
M
M
M
M
M
M
M

Macaca mulatta Maternal rejection

Procolobus rufomitratus Parasites

Cebus apella nigritus

Eulemur rubrifrons Sex [ season

See full result in Table 7

See full result in Table 7

+ [ ns (dry season only)

See full result in Table 7

See full result in Table 7

+/ + (dry season only)
U-shaped | +

+(Males) [ + (mating season)

GC outcome Result Matrix' Reference

Maternal behavior Stanton et al., 2015

Murray et al., 2016

Sapolsky & Altmann 1991
Gesquiere et al., 2005

Beehner et al., 2006a

Nguyen et al., 2008

Maestripieri et al., 2008; Hoffman
& Maestripieri 2012

Foerester et al., 2015

Hamaldinen et al,, 2015

Fetal loss
Maternal behavior

mTm v mmTmLu m o om

(=)

Muehlenbein 2006
Seraphin et al., 2008

Parasites

-

see full
resultin
Table 7

Testosterone -

-

Offspring GCs Murray et al., 2016
Sapolsky 1985

Sapolsky & Altmann 1991
Gesquiere et al., 2005
Onyango et al., 2008
Archie et al,, 2012

Arlet et al. 2015
Jacketal, 2014
Hamdldinen et al., 2015
Fourie et al., 2015a

Wound healing
Parasites

ZTTmTmTm T T T L n

F Mandalaywala et al., 2014
Chapman et al., 2007; Chapman

F etal, 2016
Deceptive alarm calling F Wheeler et al., 2014
Parasite species
richness, parasite F Clough et al., 2010

infection intensity

For matrix, the following abbreviations were used: F=fecal, U=urine, P=plasma, S=serum, H=hair.
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Table 6
Wild primate studies examining performance (light green) and fitness (dark green) outcomes of GCs.
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Associated outcomes of GCs

Primate species Sex GC outcome Result Matrix 1 Reference
Pan troglodytes F Maternal behavior + F Stanton et al,, 2015
Pan troglodytes M Parasites + U Muehlenbein 2006
Hylobates lar M Parasites ns F Gillespie et al., 2013
Papio anubis F PdG + F Lodge et al., 2013
Papio anubis M Testosterone - S Sapolsky 1985
Papio anubis M HPA sensitivity + S Sapolsky 1983
Papio cynocephalus F Maternal behavior + F Nguyen et al., 2008
Papio cynocephalus M Wound healing + F Archie et al., 2012
Papio cynocephalus M/F Lymphocytes - B Alberts et al., 1992
Papio cynocephalus M/F HPA sensitivity + N Sapolsky et al., 1997
Mandrillus sphinx M Parasites + F Setchell et al., 2010
Lophocebus albegena F Parasites + F Arlet et al., 2015
Offspring growth | motor
Macaca assamensis F skill acquisition / immune +/-/- F Berghdnel et al., 2016
function
Macaca mulatta F Cytokines (IL-8) . P Maestripieri et al., .2(_)06: Hoffman et al., 2010; 2011;
Hoffman & Maestripieri 2012
Cebus apella nigritus M/F Deceptive alarm calling ns F Wheeler et al., 2014
Eulemur rubrifrons M/F Parasite species richness, - F Clough et al.,, 2010

Papio cynocephalus
Papio ursinus
Mandrillus sphinx
Alouatta pigra

parasite infection intensity

Fetal loss
Short-term fertility
Short-term fertility

Parasites | population size

Procolobus rufomitratus Population size

Lemur catta Mortality

Beehner et al., 2006a
Weingrill et al., 2004
Setchell et al., 2008

Behie et al., 2013

Chapman et al., 2007; 2016
Pride 2005a; 2005b

MM M Tm Tm Tm M

TFor matrix, the following abbreviations were used: F=fecal, U=urine, P=plasma, S=serum, H=hair

Although zebras are not supposed to get ulcers, Sapolsky surmised
that social primates might nevertheless suffer the harmful effects of
chronic psychological stressors. In the early 1980s, he found evidence
that wild male olive baboons (Papio anubis) experienced what appeared
to be HPA dysregulation. He demonstrated that low-ranking males ex-
hibited hypercortisolism compared to high-ranking baboons, and -
more importantly - that these low-ranking males were less responsive
to negative feedback (Sapolsky, 1983b). This result was later replicated
in wild yellow baboons (Papio cynocephalus) and included both males
and females (Sapolsky et al., 1997). The authors attributed resistance
in subordinates to the high rate of unpredictable and uncontrollable ag-
gression that low-ranking animals routinely receive (Sapolsky et al.,
1997). Since these studies, a few others have reported HPA dysregula-
tion in wild populations due to long-term stressors such as El Nifio
(Romero and Wikelski, 2010), perceived predation risk (Zanette et al.,
2011), and a combination of high predation and low food (Clinchy et
al,, 2004).

However, many studies have not demonstrated dysregulation in
populations under long-term stressors. For example, snowshoe hares
(Lepus americanus) are exposed to repeated stressors during the cyclic
population declines associated with high predation risk (Sheriff et al.,
2011b). Yet, during these periods they do not exhibit any signs of pa-
thology or dysfunction of the HPA axis (Cary and Keith, 1979). A similar
result was reported for arctic ground squirrels (Urocitellus parryii), who
demonstrated a prolonged stress response to increased predator preva-
lence but with no evidence of corresponding pathology or an

unresponsive HPA axis (Boonstra, 2013). Even in invertebrates, experi-
mentally-induced chronic stress conditions in four anuran species did
not result in decreased immunity or increased mortality (Haislip et al.,
2012).

So, can natural populations suffer from homeostatic overload? One
problem is that it is difficult to identify a clear endocrine profile for
chronically-stressed organisms (Dickens and Romero, 2013).
Documenting similar responses at multiple levels of GC regulation
(e.g., high baselines, reduced reaction to a stressor, and/or resistant to
negative feedback) would be an ideal approach (Dickens and Romero,
2013), but the logistical challenges involved in conducting such experi-
mental studies in the wild are demonstrated by the modest number of
field experiments that have actually done so. If indeed chronic stress
plays a negligible role in natural populations, then (unless evidence is
offered otherwise) the assumption should be that GC secretion serves
an adaptive function (is within the normal reactive scope). Chronic
stress would be better left unmentioned. As an analogy, a study on feed-
ing ecology would not feel it necessary to describe the risks of obesity (a
problem generally found only in humans or animals in captivity) as a
potential negative outcome of feeding.

2.8. We need more studies on the adaptive nature of the stress response
Ever since Selye's initial publications, we have taken for granted that

the “acute” stress response is adaptive (we avoid the term “acute” be-
cause it conflates the magnitude of the stress response with the
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duration, Johnstone et al., 2012). Yet, surprisingly few studies have actu-
ally demonstrated the adaptive side. Many studies have examined GC
secretion under stressful and other metabolic demands, but very few
of these studies have taken this research to the next level - identifying
how differential GC secretion produces differential performance or sur-
vival (Bonier et al., 2009; Breuner et al., 2008). We know that organisms
need at least some GCs to survive: the complete removal of GCs through
adrenalectomy causes increased mortality (Darlington et al., 1990) and
patients with Addison's Disease (who present with primary adrenal in-
sufficiency) suffer premature mortality (Bergthorsdottir et al., 2006).
Nevertheless, we have remarkably little evidence from natural popula-
tions that differential GC secretion can lead to more (or less) adaptive
outcomes.

Seven years ago, a comprehensive review of the entire biological lit-
erature found only 53 studies that examined the relationship between
GCs and fitness (Bonier et al., 2009). Of the studies that measured GCs
and fitness, only half of them found support for the Cort-Fitness Hypoth-
esis (i.e., that individuals with higher GCs had reduced fitness). And,
more than a third of these studies demonstrated the exact opposite —
that high GCs under stressful conditions led to increased fitness
(Bonier et al., 2009). In a recent example, zebra finches (Taeniopygia
guttata) with prolonged exposure to stressful conditions (i.e., repeated
and unpredictable activation of the HPA axis through food deprivation)
actually lived longer than those with no deprivation (Marasco et al.,
2015). Increasingly, studies are able to demonstrate that GCs released
during stressful events can aid an organism in survival.

Thus, although the Cort-Fitness Hypothesis is not well-supported, it
continues to influence the direction and interpretation of research
across many evolutionary disciplines. As we describe in what follows,
primate behavioral ecology, in particular, is in need of studies that ex-
amine the fitness consequences of inter-individual differences in the
stress response.

3. Review of wild primate research on stress

Our second objective is to identify how studies on stress in wild pri-
mates fit into the conceptual framework illustrated above. We reviewed
all published studies that measured some aspect of physiological stress
in a natural primate population. We conducted an exhaustive search of
the literature (1980-Jan 2016) to identify any study that measured (1)
at least one aspect of the environment in relation to GC secretion, or (2)
the relationship between GC secretion and at least one aspect of perfor-
mance (Arnold, 1983) or fitness. Our purpose here was not to provide a
thorough summary of each study but rather to summarize where re-
search efforts have been concentrated and where they are needed.

3.1. Literature review

We conducted our literature search using Scopus, Web of Science,
and Google Scholar search engines. We cross-referenced search terms
including: stress, glucocorticoid, corticosterone, cortisol, natural, wild, pri-
mate, ape, chimpanzee, gorilla, orangutan, gibbon, siamang, monkey, ba-
boon, guenon, vervet, macaque, langur, capuchin, callitrichid, marmoset,
tamarin, tarsier, lemur, loris, galago. We also searched using many pri-
mate genus names - particularly for species where one of the previous
terms is not included in the common name. We excluded all captive
studies as well as studies that simply served as a validation for a partic-
ular antibody (regardless if the subjects were captive or wild). We did
include data derived from semi-natural and provisioned populations. Fi-
nally, although there are several excellent reviews on hormones and be-
havior in primates (Abbott et al., 2003; Anestis, 2010; Bercovitch and
Ziegler, 2002; Cheney and Seyfarth, 2009; Maestripieri and Hoffman,
2011; Saltzman and Maestripieri, 2011), we excluded all reviews since
we are focused here on identifying gaps in our research efforts.

We identified a total of 138 separate studies on GCs and stress in
wild primates. Many of these studies used the same (or overlapping)

datasets from the same population, and thus from this point forward
we lump these publications as one “study” so as not to bias our descrip-
tive summary of research trends due to one well-studied population
(we do not attempt a meta-analysis here, but we list separately each
study in the Supplemental Materials for others to use). We organized
these studies according to five broad categories of variables known to
be associated with GC secretion in primates: rank-related variables
(Table 1), anthropogenic variables (Table 2), ecological variables
(Table 3), non-rank-related social variables (Table 4), and intrinsic var-
iables (Table 5). Many studies were included in more than one table
when the data included more than one species, sex, and/or category of
variable. Conversely, when many studies from the same site on the
same taxa report similar results, we combined these into one entry.
The left side of each table lists the variables that were hypothesized to
influence GC secretion (GC predictors); the right side of each table lists
the variables that were hypothesized to be affected by GCs (GC outcome)
- although many of these relationships are likely bidirectional. To high-
light the few primate studies that examined the outcomes of GC secre-
tion, we compiled these together into an additional table (Table 6).
Tables include all variables examined and not just the variables that
emerged as significant. Some variables (like parasites) could potentially
be either a predictor or an outcome of GC secretion, and in these cases
we used the researchers' designations (in their statistical models) as
the deciding factor for placement. Finally, although Fig. 1 suggests that
the potential “GC predictors” are the causes of GC secretion, the vast ma-
jority of the studies reviewed here only demonstrated a correlation be-
tween the two.

3.2. Overall results

An examination of Tables 1-6 reveals two striking trends. First, two
variables (rank-effects, anthropogenic effects) have provided the impe-
tus for the vast majority of studies on GC secretion. This comes as no sur-
prise given that dominance rank is a salient feature in many primate
societies (de Ruiter and van Hooff, 1993; van Schaik, 1989) and that a
third to half of all primate species are endangered due to human activ-
ities and habitat destruction (IUCN, 2012; Mittermeier and Oates, 1985;
Schipper et al., 2008). Second, perhaps the most conspicuous trend for
all six tables is the near absence of investigations on the “GC outcome”
side. Of 138 studies on GCs in wild primates, only 22 of them examined
how GC secretion was associated with some aspect of performance and/
or fitness (Table 6). We will return to this point shortly.

3.3. GCs and dominance rank

Dominance rank was the most predominant variable analyzed with
respect to GCs, appearing in 60 studies. There was no consensus endo-
crine profile for either high- or low-ranking individuals across primate
taxa, but one trend was that high GCs accompany positions where ener-
getic/metabolic demands are high (due to excess expenditure or re-
duced intake, e.g., Emery Thompson et al., 2010; Fichtel et al., 2007;
Gesquiere et al., 2011a) or where reproductive success is threatened
(due to losing mates or offspring, e.g., Bergman et al., 2005). Another
trend was that more of the studies on females produced a negative rela-
tionship between baseline GCs and dominance rank, while more of the
studies on males produced a positive one (Table 1). For both trends, it
may be that the secretion of GCs is not tied to high- or low-rank per
se but rather to the process by which dominance rank is achieved
(Abbott et al., 2003; Sapolsky, 1992).

Without exception, all primate studies took the view that domi-
nance rank “caused” differences in GC levels and not the reverse (al-
though in practice, these studies were correlational). Yet, we found
that elevations in GC levels received different explanations depending
on whether they accompanied high- or low-rank positions. For exam-
ple, if high-ranking (i.e., presumably successful) individuals had high
GC levels, then the elevation in GCs was considered a necessary cost of
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high rank. But, if low-ranking (i.e., presumably unsuccessful) individ-
uals had high GC levels, then the elevation in GCs was considered to
have negative consequences for health and fitness. However, none of
these studies linked individual endocrine differences to fitness out-
comes. Currently, we have no data to indicate whether elevated GCs
serve to improve or hamper the situation for individuals at these differ-
ent ranks. What should future studies of dominance rank focus on?

First, the starting point for research inquiry should be the assump-
tion that the measured endocrine profile is adaptive. Both high and
low rank have direct costs associated with them, and the elevation in
GCs associated with these costs should be viewed as the organism's at-
tempt to ameliorate them. For high rank, the costs are likely due to the
increased energetic demands related to achieving and maintaining high
rank (e.g., Gesquiere et al., 2011a; Muller and Wrangham, 2004) - par-
ticularly when the dominance hierarchy is unstable (e.g., Sapolsky,
1992; Bergman et al., 2005); while for low ranking individuals the
costs are likely due to limited energy intake or frequent social stress
(e.g., Abbott et al., 2003). It is more difficult to understand the adaptive
nature of GCs in low-ranking individuals. An increase in GCs can tempo-
rarily mobilize energy to deal with shortages of food, fight competitors,
or perhaps even facilitate a rise in dominance status (where possible),
an alternative mating strategy (e.g., coalitions, sneak copulations,
cross-sex bonds), or the solicitation of social support. For example,
some evidence from captive primates demonstrated that individual
GC concentrations predicted future dominance rank (Johnson et al.,
1996; McGuire et al., 1983).

Second, we need to generate data on the consequences of GCs in re-
lation to rank. For example, it would be productive to examine how GCs
help individuals achieve or keep high rank or how they deal with the de-
mands associated with a given dominance rank. If we identify an asso-
ciation between dominance rank and GC levels, we should then
examine the longitudinal pattern of GCs with respect to rank. Do low-
rank individuals with high GCs climb the hierarchy? Do high-rank indi-
viduals with high GCs maintain their tenure for longer? Conceivably, in-
dividual HPA regulation could cause an individual to rise or fall in rank
depending on their ability (or inability) to mobilize energy for a given
contest. Researchers could do this by examining how current GCs affect
future rank/fitness. Another promising approach might be to compare
animals under a similar (and severe) stressor. For example, if we exam-
ine all high rank males during periods of instability, might individual GC
levels predict future rank changes?

Third, we should consider the two hypotheses laid out in the “stress
dynamics of dominance” scenario (Cavigelli and Caruso, 2015). (1)
Where dominants have higher GC levels than subordinates, they should
exhibit more frequent GC elevations than subordinates due to short-
lived but intense periods of fighting. Thus, maximum but not mean GC
levels are the important metric for testing this hypothesis. (2) Where
subordinates have higher GC levels than dominants, they should exhibit
long-term elevations in GC production with higher basal levels com-
pared to dominants due to more metabolic demands like exclusion
from food resources. Mean GC levels are the important metric for testing
this hypothesis.

3.4. GCs and anthropogenic disturbance

Most data from anthropogenic disturbance studies support the idea
that human activities and habitat destruction cause an increase in GCs
for the disturbed populations (Table 2). Much of this research is applied,
but it too has the potential to be evolutionarily informative if we can
separate the effects of the environment from the effects of the GCs. In
many cases, animals will be doing poorly because the environment is
killing them. But, there will also be cases where animals are doing poor-
ly because the stress response is killing them (they have entered ho-
meostatic overload area). So, how do we distinguish between these
two? First, researchers can compare individuals with comparable dis-
turbance. Are individuals with higher GC levels more or less likely to

survive? To reproduce? Second, researchers can check for signs of HPA
dysregulation. In cases where animals are captured, it may be possible
to measure individual GC responses to an induced stressor (e.g., cap-
ture) and/or check for DEX resistance. When capture is not possible, re-
searchers can use natural experiments (e.g., short-term environmental
disasters or increased predation events) as acute stressors and measure
individual responses non-invasively (e.g., fecal or urinary hormones).
Significant elevations in GCs should be expected for individuals with a
properly functioning HPA axis. Finally, if researchers have access to de-
ceased corpses, they can look for signs of enlarged adrenal glands.

3.5. GCs and maternal effects

Although, there were only two studies on the effects of maternal GCs
on developing offspring in wild primates (Nguyen et al., 2008; Onyango
et al,, 2008; Berghdnel et al., 2016), this is an extremely promising area
of research in captive primates (Parker and Maestripieri, 2011) and
wild, non-primate taxa (Dantzer et al., 2013). Because the HPA axis
can be permanently altered during development due to stressors that
impact the mother (and fetus), this type of research has the potential
to help us understand why there might be inter-individual variance in
HPA responsiveness to the same stressor. For example, in rats, a
mother's GC levels during gestation can down- or up-regulate transcrip-
tion of GRs in offspring to be less or more responsive to stressful stimuli,
respectively (Weaver et al., 2004). One hypothesis posits that changes
in GC responsiveness are a predictive adaptive response that can help
offspring adapt to new conditions they may experience once they are
born (Sheriff and Love, 2013; but see argument against maternal effects
in Uller et al., 2013). Another hypothesis posits that these changes are
simply the result of developmental constraints (Hayward et al., 2013).
We expect that distinguishing between these hypotheses will be an ac-
tive area of research for primate studies in the future.

3.6. GC effects on performance and/or fitness

Perhaps the most striking feature about each table is the near ab-
sence of investigations on the “effect” side. Only 22 primate studies ex-
amined how GC secretion affected some aspect of performance or
fitness (Table 6). Most of these outcome variables were related to an
individual's infection status (e.g. parasite richness, abundance (Arlet et
al., 2015; Behie and Pavelka, 2013; Berghdnel et al., 2016; Clough et
al., 2010; Gillespie et al., 2013; Muehlenbein, 2006; Setchell et al.,
2010)) or other immune parameters (e.g., wound healing, lymphocytes,
or cytokines (Alberts et al., 1992; Archie et al., 2012; Hoffman et al.,
2010; Hoffman et al., 2011; Hoffman and Maestripieri, 2012;
Maestripieri et al., 2008)). Although far from consensus, the majority
of these studies demonstrated a negative relationship between GC se-
cretion and one or more immunity measures (Table 6).

Of all 22 studies, only 6 of them investigated fitness components re-
lated to reproduction (3 studies: Beehner et al., 2006; Setchell et al.,
2008; Weingrill et al., 2004) or survival (3 studies: Behie and Pavelka,
2013; Chapman et al., 2007; Chapman et al., 2016; Pride, 2005b; Pride,
2005c¢). Two of the studies on survival were at the population level
(Behie and Pavelka, 2013; Chapman et al,, 2007; Chapman et al., 2016;
Chapman et al., 2006) and therefore were only indirect tests of GCs on
fitness. Therefore, out of more than one hundred studies on wild pri-
mates, only one study directly examined individual glucocorticoid profiles
in conjunction with fitness (Pride, 2005b). In this 2-year study, re-
searchers measured GCs across a population of ring-tailed lemurs
(Lemur catta) and found a weak (non-linear) relationship between
higher GCs and increased mortality. The author concluded that “...stress
can be considered a mortality risk factor in wild populations as it is in
humans”. Although our purpose is to promote more studies that directly
measure fitness, we caution against the language used in the author's
final conclusion. If our science focuses only on the relationship between
the endocrine trait and fitness outcomes, we (once again) fail to identify
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the very phenotype by which endocrine traits cause variation in fitness.
We need both sides of the equation. This is becoming increasingly
known as “the missing trait” problem (Dantzer et al., 2016). Indeed,
identifying this “missing trait” (or missing variable) should be a primary
objective of stress research. One roadblock has been the focus on the
stress response itself as the variable affecting poor fitness outcomes.

3.7. Why do we have so few primate studies that measure the effects of GCs?

First, primates are long-lived organisms that require decades of re-
search to obtain true measures of fitness —that is, lifetime reproductive
success (and, even estimates of lifetime reproductive success require
many years of observation). Second, given the logistics and expense of
hormone research, most detailed hormone studies tend to be labor-in-
tensive “snapshots” in time - that is, cross-sectional studies to identify
the variables that affect GC secretion, with a necessarily vague connec-
tion to what these hormone profiles might mean for performance and
fitness. Even for long-term studies with a hormonal component, the
hormone sampling is generally targeted to a particular age/sex/status
category and not often longitudinal in nature (but see Emery
Thompson et al., 2010; Gesquiere et al., 2005, 2008, 2011a, 2011b;
Wittig et al., 2015). Despite these obstacles, we argue that primate stud-
ies should be at the forefront of research on how GCs mediate the rela-
tionship between the environment and fitness because many long-term
primate studies actually do have very good estimates of survival and re-
productive success in a large sample of known individuals. Moreover,
primate studies are able to draw on a wealth of data on proxies for fit-
ness (e.g., alpha tenure, interbirth intervals, infant survival to weaning)
that may be easier to measure in coordination with short-term hor-
mone samples. Finally, many long-term primate projects are adopting
the “gold standard” of longitudinal hormone sampling from known in-
dividuals - projects that are sure to produce many upcoming and excit-
ing publications. These are exactly the circumstances required for
constructing a detailed picture of the relationship between the environ-
ment, endocrine traits (in conjunction with other known individual dif-
ferences), and differential fitness.

4. The next step for research efforts

We know that GC secretion can and does directly influence fitness.
However, despite the large number of studies that focus on measuring
GC levels in wild primates, almost none of this research has been devot-
ed to uncovering how GC production serves as a mediator between be-
havior, reproduction, and survival. Although we need to continue to
identify the factors that cause GC secretion in new populations, for
many populations where these studies have been done, we would en-
courage researchers to take an additional step. Therefore, the final ob-
jective for this review is to provide several recommendations for
future research in the field of primate behavioral endocrinology with re-
spect to stress physiology.

 Focus on how GCs affect performance. For populations where GCs
are routinely measured, researchers can begin to examine the rela-
tionship between GC levels and performance. Performance measures
can be internal measures related to health and condition (e.g., para-
sites, cytokines, wound healing, other hormones), behaviors known
to be related to reproductive success (e.g., mate acquisition, rank ac-
quisition, mate choice, parental behavior), and/or behaviors known
to be related to survival and longevity (e.g., alarm calling, foraging,
vigilance, sociality).

Focus on how GCs affect fitness. Similar to the above, researchers can
begin to identify the relationship between GC levels and fitness mea-
sures (estimated or actual) in their populations. These fitness mea-
sures need not be lifetime reproductive success, but can be proxies
for fitness or estimates of fitness (e.g., tenure as an alpha male,
interbirth interval, fertility rate, infant survival). For example, a

study on mountain white-crowned sparrows (Zonotrichia leucophrys
oriantha) found higher survival for individuals with higher baseline
and stress-induced GC levels, but higher fecundity for individuals
with higher baseline but lower stress-induced GC levels (Patterson
etal, 2014).
For both of the above, control for environmental challenges.
Whenever researchers compare hormones from individuals across
different environments, they are making an apples-to-oranges com-
parison (see examples in Dantzer et al., 2016). Rather, researchers
should focus research efforts on measuring individual GC differences
within stress-inducing categories (e.g., dry season, drought, low
rank, elevation in predation pressure) or by including environmental
challenges in a statistical model.
Remember that GCs are metabolic hormones first (and stress hor-
mones second). Researchers should continue to consider and control
for differences in metabolic activity due to reproductive stages, life-
history stages, and other seasonal variables. Some animals will be
more metabolically active than others (e.g., pregnant females) and
thus will have higher GCs. This should not be interpreted as a “stress
response” for these individuals. Adopting a metabolic framework (as
the Reactive Scope Model promoted by Romero et al., 2009) will en-
hance our interpretation of how GCs link the environment of an indi-
vidual with their fitness.
Use acute disasters as “natural experiments”. Researchers should
try to take advantage of natural and/or anthropogenic disasters
when a population is suddenly faced with a singular, but severe, envi-
ronmental challenge (e.g., EI Nifio, an increase in predators, a decrease
in prey, bush fires, anthropogenic effects). The idea here is to deter-
mine if some individuals are more or less likely to survive (and/or re-
produce) than others, and whether these differences can be attributed
to an individual's stress response.

» When possible, check for evidence of HPA dysregulation. Re-
searchers should try to take advantage of more invasive opportunities
to examine whether individual animals exhibit dysregulation of the
HPA axis. Recall that a “good” response is one that exhibits a low GC
baseline (under no stressors), a fast GC increase, and a rapid induction
of negative feedback. Try to obtain some of these measures when
possible.

In a review of primate field endocrinology, Higham (2016) notes
that the only appropriate way to consider hormones is in an evolution-
ary context — that hormones such as GCs provide a set of physiological
instructions for the body to respond (in terms of physiological, behav-
ioral, and life history adjustments) to the inputs from a particular envi-
ronment (Higham, 2016). Taking this next step towards identifying the
adaptive significance of the stress response in primate studies will not
only fill in this long-standing gap in our understanding of this widely-
studied phenomena, but it will also help us to make predictions about
how particular primate populations might respond to new environmen-
tal challenges.

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.yhbeh.2017.03.003.

Acknowledgements

We would like to thank James Higham for the opportunity to con-
tribute to this special issue. We also sincerely appreciate the excellent
comments on an earlier version of this manuscript provided to us by
Ben Dantzer, Julia Ostner, and one anonymous reviewer. This work
was supported by the University of Michigan.

References

Abbott, D.H., Keverne, E.B., Bercovitch, F.B., Shively, C.A., Mendoza, S.P., Saltzman, W.,
Snowdon, C.T., Ziegler, T.E., Banjevic, M., Garland Jr., T., Sapolsky, R.M., 2003. Are


http://dx.doi.org/10.1016/j.yhbeh.2017.03.003
http://dx.doi.org/10.1016/j.yhbeh.2017.03.003
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0005

80 J.C. Beehner, TJ. Bergman / Hormones and Behavior 91 (2017) 68-83

subordinates always stressed? a comparative analysis of rank differences in cortisol
levels among primates. Horm. Behav. 43, 67-82.

Aguilar-Cucurachi, M.A,, Dias, P.A., Rangel-Negrin, A., Chavira, R, Boeck, L., Canales-
Espinosa, D., 2010. Preliminary evidence of accumulation of stress during transloca-
tion in mantled howlers. Am. J. Primatol. 72, 805-810.

Alberts, S.C., Sapolsky, RM., Altmann, J., 1992. Behavioral, endocrine, and immunological
correlates of immigration by an aggressive male into a natural primate group. Horm.
Behav. 26, 167-178.

Anestis, S.F., 2010. Hormones and social behavior in primates. Evol. Anthropol. 19, 66-78.

Archie, EA,, Altmann, J., Alberts, S.C., 2012. Social status predicts wound healing in wild
baboons. Proc. Natl. Acad. Sci. 109, 9017-9022.

Arlet, M.E., Chapman, C.A,, Isbell, LA, Molleman, F., Mand, R., Horak, P., Carey, J.R., 2015.
Social and ecological correlates of parasitic infections in adult male gray-cheeked
mangabeys (Lophocebus albigena). Int. J. Primatol. 36, 950-969.

Arlet, M.E,, Grote, M.N., Molleman, F., Isbell, L.A., Carey, ].R., 2009. Reproductive tactics in-
fluence cortisol levels in individual male gray-cheeked mangabeys (Lophocebus
albigena). Horm. Behav. 55, 210-216.

Arlet, M.E., Isbell, L.A., 2009. Variation in behavioral and hormonal responses of adult male
gray-cheeked mangabeys (Lophocebus albigena) to crowned eagles (Stephanoaetus
coronatus) in Kibale National Park, Uganda. Behav. Ecol. Sociobiol. 63, 491-499.

Arlet, M.E., Molleman, F,, Isbell, L.A., Chancellor, R.L, Carey, JR., Mand, R, 2013. Correla-
tions between social context and fecal glucocorticoid metabolite concentrations in
free-ranging female gray-cheeked mangabeys (Lophocebus albigena) in Kibale Na-
tional Park, Uganda. Folia Biologica-Krakow 61, 239-246.

Arnold, SJ., 1983. Morphology, performance and fitness. Am. Zool. 23, 347-361.

Aronsen, G.P., Beuerlein, M.M., Watts, D.P., Bribiescas, R.G., 2015. Redtail and red colobus
monkeys show intersite urinary cortisol concentration variation in Kibale National
Park, Uganda. Contemp. Phys. 3 (cov006).

Bales, K.L., French, J.A,, Hostetler, CM., Dietz, ].M., 2005. Social and reproductive factors af-
fecting cortisol levels in wild female golden lion tamarins (Leontopithecus rosalia).
Am. J. Primatol. 67, 25-35.

Bales, K.L., French, J.A,, McWilliams, J., Lake, R.A., Dietz, .M., 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.

Balestri, M., Barresi, M., Campera, M., Serra, V., Ramanamanjato, J.B., Heistermann, M.,
Donati, G., 2014. Habitat degradation and seasonality affect physiological stress levels
of Eulemur collaris in littoral forest fragments. PLoS One 9, e107698.

Barelli, C., Rovero, F., Hodges, K., Araldi, A., Heistermann, M., 2015. Physiological stress
levels in the endemic and endangered Udzungwa red colobus vary with elevation.
Aft. Zool. 50, 23-30.

Barrett, G.M., 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.

Beehner, J., Bergman, T., Cheney, D., Seyfarth, R., Whitten, P., 2005. The effect of new alpha
males on female stress in free-ranging baboons. Anim. Behav. 69, 1211-1221.

Beehner, ].C,, McCann, C., 2008. Seasonal and altitudinal effects on glucocorticoid metab-
olites in a wild primate (Theropithecus gelada). Physiol. Behav. 95, 508-514.

Beehner, J.C., Nguyen, N., Wango, E.O., Alberts, S.C., Altmann, J., 2006. The endocrinology
of pregnancy and fetal loss in wild baboons. Horm. Behav. 49, 688-699.

Behie, A.M., Pavelka, M.S., 2013. Interacting roles of diet, cortisol levels, and parasites in
determining population density of Belizean howler monkeys in a hurricane damaged
forest fragment. Primates in Fragments. Springer, pp. 447-456.

Behie, A.M., Pavelka, M.S.M., Chapman, C.A., 2010. Sources of variation in fecal cortisol
levels in howler monkeys in Belize. Am. . Primatol. 72, 600-606.

Bercovitch, F.B., Ziegler, T.E., 2002. Current topics in primate socioendocrinology. Annu.
Rev. Anthropol. 31, 45-67.

Berghdnel, A., Heistermann, M., Schiilke, O., Ostner, ]., 2016. Prenatal stress effects in a
wild, long-lived primate: predictive adaptive responses in an unpredictable environ-
ment. Proc. R. Soc. Lond. B Biol. Sci. 283, 20161304.

Bergman, T., Beehner, J., Cheney, D., Seyfarth, R., Whitten, P., 2005. Correlates of stress in
free-ranging male chacma baboons, Papio hamadryas ursinus. Anim. Behav. 70,
703-713.

Bergthorsdottir, R., Leonsson-Zachrisson, M., Odén, A., Johannsson, G., 2006. Premature
mortality in patients with Addison's disease: a population-based study. J. Clin.
Endocrinol. Metab. 91, 4849-4853.

Bonier, F., Martin, P.R., Moore, L.T., Wingfield, J.C., 2009. Do baseline glucocorticoids pre-
dict fitness? Trends Ecol. Evol. 24, 634-642.

Boonstra, R., 2013. Reality as the leading cause of stress: rethinking the impact of chronic
stress in nature. Funct. Ecol. 27, 11-23.

Brent, LJ.N,, Semple, S., Dubuc, C., Heistermann, M., MacLarnon, A., 2011. Social capital
and physiological stress levels in free-ranging adult female rhesus macaques. Physiol.
Behav. 102, 76-83.

Breuner, CW., Patterson, S.H., Hahn, T.P., 2008. In search of relationships between the
acute adrenocortical response and fitness. Gen. Comp. Endocrinol. 157, 288-295.
Brockman, D.K., Cobden, A.K., Whitten, P.L,, 2009. Birth season glucocorticoids are related
to the presence of infants in sifaka (Propithecus verreauxi). Proc. R. Soc. Lond. B Biol.

Sci. 276, 1855-1863.

Brotman, D.J., Golden, S.H., Wittstein, LS., 2007. The cardiovascular toll of stress. Lancet
370, 1089-1100.

Carnegie, S.D., Fedigan, LM, Ziegler, T.E., 2011. Social and environmental factors affecting
fecal glucocorticoids in wild, female white-faced capuchins (Cebus capucinus). Am.
J. Primatol. 73, 861-869.

Cary, JR,, Keith, LB., 1979. Reproductive change in the 10-year cycle of snowshoe hares.
Can. J. Zool. 57, 375-390.

Cavigelli, S.A., 1999. Behavioural patterns associated with faecal cortisol levels in free-
ranging female ring-tailed lemurs, Lemur catta. Anim. Behav. 57, 935-944.

Cavigelli, S.A., Caruso, MJJ., 2015. Sex, social status and physiological stress in primates:
the importance of social and glucocorticoid dynamics. Philos. Trans. of the R. Soc.
Lond. B Bio. Sci. 370.

Cavigelli, S.A., 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.

Chapman, CA,, Saj, T.L, Snaith, T.V., 2007. Temporal dynamics of nutrition, parasitism, and
stress in colobus monkeys: implications for population regulation and conservation.
Am. J. Phys. Anthropol. 134, 240-250.

Chapman, C.A,, Schoof, V.A.M., Bonnell, T.R., Gogarten, ].F., Calmé, S., 2016. Competing
pressures on populations: long-term dynamics of food availability, food quality, dis-
ease, stress and animal abundance. Philos. Trans. of the R. Soc. Lond. B Bio. Sci. 370.

Chapman, C.A., Wasserman, M.D., Gillespie, T.R., Speirs, M.L.,, Lawes, M]., Saj, T.L, Ziegler,
T.E., 2006. Do food availability, parasitism, and stress have synergistic effects on red
colobus populations living in forest fragments? Am. J. Phys. Anthropol. 131, 525-534.

Charmandari, E., Tsigos, C., Chrousos, G., 2005. Endocrinology of the stress response.
Annu. Rev. Physiol. 67, 259-284.

Cheney, D.L., Seyfarth, R.M., 2009. Stress and coping mechanisms in female primates. In:
Brockmann, HJ., Roper, T.J., Naguib, M., WynneEdwards, K.E., Mitani, J.C., Simmons,
LW. (Eds.), Advances in the Study of Behavior. Vol Vol. 39, pp. 1-44.

Chrousos, G.P., Gold, P.W., 1992. The concepts of stress and stress system disorders: over-
view of physical and behavioral homeostasis. JAMA 267, 1244-1252.

Clinchy, M., Sheriff, MJ., Zanette, LY., 2013. Predator-induced stress and the ecology of
fear. Funct. Ecol. 27, 56-65.

Clinchy, M., Zanette, L., Boonstra, R., Wingfield, J.C., Smith, ].N., 2004. Balancing food and
predator pressure induces chronic stress in songbirds. Proc. R. Soc. Lond. B Biol. Sci.
271, 2473-2479.

Clough, D., Heistermann, M., Kappeler, P.M., 2010. Host intrinsic determinants and poten-
tial consequences of parasite infection in free-ranging red-fronted lemurs (Eulemur
fulvus rufus). Am. J. Phys. Anthropol. 142, 441-452.

Clutton-Brock, T., 1988. Reproductive Success: Studies of Individual Variation in Contrast-
ing Breeding Systems. University of Chicago Press.

Cristobal-Azkarate, J., Chavira, R., Boeck, L., Rodriguez-Luna, E., Vea, ]J., 2007. Glucocorti-
coid levels in free ranging resident mantled howlers: a study of coping strategies. Am.
J. Primatol. 69, 866-876.

Crockford, C., Wittig, R M., Whitten, P.L., Seyfarth, R.A., Cheney, D.L., 2008. Social stressors
and coping mechanisms in wild female baboons (Papio hamadryas ursinus). Horm.
Behav. 53, 254-265.

Dallman, M.F,, Levin, N., Cascio, C.S., Akana, S.F., Jacobson, L., Kuhn, RW., 1989. Pharmaco-
logical evidence that the inhibition of diurnal adrenocorticotropin secretion by corti-
costeroids is mediated via type I corticosterone-preferring receptors. Endocrinology
124, 2844-2850.

Dantzer, B, Fletcher, Q.E., Boonstra, R, Sheriff, M.J., 2014. Measures of physiological stress:
a transparent or opaque window into the status, management and conservation of
species. Contemp. Phys. 2 (cou023).

Dantzer, B, Newman, A.E., Boonstra, R., Palme, R., Boutin, S., Humphries, M.M., McAdam,
A.G., 2013. Density triggers maternal hormones that increase adaptive offspring
growth in a wild mammal. Science 340, 1215-1217.

Dantzer, B., Westrick, S.E., van Kesteren, F., 2016. Relationships between endocrine traits
and life histories in wild animals: insights, problems, and potential pitfalls. Integra-
tive and Comparative Biology (icw051).

Darlington, D.N., Chew, G., Ha, T., Keil, L.C., Dallman, M.F., 1990. Corticosterone, but not
glucose, treatment enables fasted adrenalectomized rats to survive moderate hemor-
rhage. Endocrinology 127, 766-772.

De Kloet, E.R., Vreugdenhil, E., Oitzl, M.S., Joels, M., 1998. Brain corticosteroid receptor bal-
ance in health and disease 1. Endocr. Rev. 19, 269-301.

de Ruiter, ].R,, van Hooff, ].A., 1993. Male dominance rank and reproductive success in pri-
mate groups. Primates 34, 513-523.

Dickens, M., Romero, L.M., 2013. A consensus endocrine profile for chronically stressed
wild animals does not exist. Gen. Comp. Endocrinol. 191, 177-189.

Dunn, ].C, Cristobal-Azkarate, ]., Schulte-Herbruggen, B., Chavira, R, Vea, ]J., 2013. Travel
time predicts fecal glucocorticoid levels in free-ranging howlers (Alouatta palliata).
Int. J. Primatol. 34, 246-259.

Ellis, JJ., MacLarnon, A.M., Heistermann, M., Semple, S., 2011. The social correlates of self-
directed behaviour and faecal glucocorticoid levels among adult male olive baboons
(Papio hamadryas anubis) in Gashaka-Gumti National Park, Nigeria. Afr. Zool. 46,
302-308.

Emery Thompson, M., Muller, M.N., Kahlenberg, S.M., Wrangham, RW., 2010. Dynamics
of social and energetic stress in wild female chimpanzees. Horm. Behav. 58, 440-449.

Engh, A.L, Beehner, ].C,, Bergman, T.J., Whitten, P.L., Hoffmeier, R.R., Seyfarth, R.M.,
Cheney, D.L., 2006a. Behavioural and hormonal responses to predation in female
chacma baboons (Papio hamadryas ursinus). Proc. R. Soc. Lond. B Biol. Sci. 273,
707-712.

Engh, A.L, Beehner, J.C,, Bergman, T.J., Whitten, P.L., Hoffmeier, R.R., Seyfarth, R.M.,
Cheney, D.L.,, 2006b. Female hierarchy instability, male immigration and infanticide
increase glucocorticoid levels in female chacma baboons. Anim. Behav. 71,
1227-1237.

Epel, E.S., Blackburn, E.H,, Lin, ., Dhabhar, F.S., Adler, N.E., Morrow, ].D., Cawthon, R.M.,,
2004. Accelerated telomere shortening in response to life stress. Proc. Natl. Acad.
Sci. U. S. A. 101, 17312-17315.

Fichtel, C,, Kraus, C,, Ganswindt, A., Heistermann, M., 2007. Influence of reproductive sea-
son and rank on fecal glucocorticoid levels in free-ranging male Verreaux's sifakas
(Propithecus verreauxi). Horm. Behav. 51, 640-648.

Foerster, S., Cords, M., Monfort, S.L.,, 2011. Social behavior, foraging strategies, and fecal
glucocorticoids in female blue monkeys (Cercopithecus mitis): potential fitness bene-
fits of high rank in a forest guenon. Am. J. Primatol. 73, 870-882.


http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0005
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0005
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0010
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0010
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0015
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0015
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0015
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0020
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0025
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0025
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0030
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0030
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0035
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0035
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0035
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0040
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0040
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0040
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0045
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0045
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0045
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0045
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0050
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0055
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0055
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0055
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0060
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0060
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0060
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0065
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0065
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0065
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0070
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0070
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0075
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0075
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0075
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0080
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0080
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0080
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0085
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0085
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0090
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0090
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0095
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0095
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0100
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0100
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0100
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0105
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0105
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0110
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0110
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0115
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0115
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0115
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0120
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0120
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0120
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0125
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0125
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0125
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0130
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0130
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0135
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0135
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0140
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0140
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0140
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0145
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0145
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0150
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0150
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0150
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0155
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0155
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0160
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0160
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0160
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0165
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0165
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0170
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0170
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0175
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0175
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0175
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0180
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0180
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0180
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0185
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0185
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0185
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0190
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0190
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0190
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0195
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0195
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0200
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0200
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0205
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0205
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0205
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0210
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0210
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0215
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0215
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0220
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0220
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0220
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0225
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0225
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0225
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0230
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0230
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0235
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0235
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0235
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0240
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0240
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0240
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0245
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0245
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0245
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0245
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0250
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0250
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0250
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0255
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0255
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0260
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0260
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0260
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0265
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0265
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0265
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0270
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0270
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0275
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0275
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0280
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0280
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0285
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0285
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0285
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0290
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0290
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0290
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0290
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0295
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0295
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0300
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0300
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0300
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0305
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0305
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0305
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0310
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0310
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0315
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0315
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0315
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0320
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0320
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0320

J.C. Beehner, TJ. Bergman / Hormones and Behavior 91 (2017) 68-83 81

Foerster, S., Cords, M., Monfort, S.L., 2012. Seasonal energetic stress in a tropical forest pri-
mate: proximate causes and evolutionary implications. PLoS One 7, e50108.

Foerster, S., Kithome, K., Cords, M., Monfort, S.L., 2015. Social status and helminth infec-
tions in female forest guenons (Cercopithecus mitis). Am. ]. Phys. Anthropol. 158,
55-66.

Foerster, S., Monfort, S.L., 2010. Fecal glucocorticoids as indicators of metabolic stress
in female Sykes' monkeys (Cercopithecus mitis albogularis). Horm. Behav. 58,
685-697.

Fourie, N.H,, Jolly, CJ., Phillips-Conroy, J.E., Brown, ].L., Bernstein, R.M., 2015a. Variation of
hair cortisol concentrations among wild populations of two baboon species (Papio
anubis, P. hamadryas) and a population of their natural hybrids. Primates 1-14.

Fourie, N.H,, Turner, T.R., Brown, J.L., Pampush, ].D., Lorenz, ].G., Bernstein, R.M., 2015b.
Variation in vervet (Chlorocebus aethiops) hair cortisol concentrations reflects ecolog-
ical disturbance by humans. Primates 56, 365-373.

Fiirtbauer, 1., Heistermann, M., Schulke, O., Ostner, ]., 2014. Low female stress hormone
levels are predicted by same- or opposite-sex sociality depending on season in wild
Assamese macaques. Psychoneuroendocrinology 48, 19-28.

Gesquiere, LR, Altmann, J., Khan, M.Z., Couret, ], Yu, ].C,, Endres, C.S., Lynch, ].W., Ogola, P.,
Fox, E.A., Alberts, S.C., Wango, E.O., 2005. Coming of age: steroid hormones of wild
immature baboons (Papio cynocephalus). Am. J. Primatol. 67, 83-100.

Gesquiere, LR, Khan, M,, Shek, L., Wango, T.L,, Wango, E.O., Alberts, S.C., Altmann, ]., 2008.
Coping with a challenging environment: effects of seasonal variability and reproduc-
tive status on glucocorticoid concentrations of female baboons (Papio cynocephalus).
Horm. Behav. 54, 410-416.

Gesquiere, LR, Learn, N.H., Simao, M.C.M.,, Onyango, P.0., Alberts, S.C., Altmann, J., 2011a.
Life at the top: rank and stress in wild male baboons. Science 333, 357-360.

Gesquiere, L.R., Onyango, P.0., Alberts, S.C., Altmann, ., 2011b. Endocrinology of
year-round reproduction in a highly seasonal habitat: environmental variability
in testosterone and glucocorticoids in baboon males. Am. J. Phys. Anthropol. 144,
169-176.

Gillespie, T.R., Barelli, C., Heistermann, M., 2013. Effects of social status and stress on pat-
terns of gastrointestinal parasitism in wild white-handed gibbons (Hylobates lar).
Am. ]. Phys. Anthropol. 150, 602-608.

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.

Girard-Buttoz, C., Heistermann, M., Rahmi, E., Agil, M., Fauzan, P.A., Engelhardt, A., 2014a.
Costs of and investment in mate-guarding in wild long-tailed macaques (Macaca
fascicularis): influences of female characteristics and male-female social bonds. Int.
J. Primatol. 35, 701-724.

Girard-Buttoz, C., Heistermann, M., Rahmi, E., Agil, M., Fauzan, P.A,, Engelhardt, A., 2014b.
Costs of mate-guarding in wild male long-tailed macaques (Macaca fascicularis):
physiological stress and aggression. Horm. Behav. 66, 637-648.

Gomez-Espinosa, E., Rangel-Negrin, A., Chavira, R., Canales-Espinosa, D., Dias, P.A., 2014.
The effect of energetic and psychosocial stressors on glucocorticoids in mantled
howler monkeys (Alouatta palliata). Am. ]. Primatol. 76, 362-373.

Gould, L., Ziegler, T.E., Wittwer, D.J., 2005. Effects of reproductive and social variables on
fecal glucocorticoid levels in a sample of adult male ring-tailed lemurs (Lemur
catta) at the Beza Mahafaly Reserve, Madagascar. Am. J. Primatol. 67, 5-23.

Haislip, N.A,, Hoverman, ].T., Miller, D.L.,, Gray, M.J., 2012. Natural stressors and disease
risk: does the threat of predation increase amphibian susceptibility to ranavirus?
Can. J. Zool. 90, 893-902.

Hamalainen, A., Heistermann, M., Fenosoa, Z.S.E., Kraus, C., 2014. Evaluating capture stress
in wild gray mouse lemurs via repeated fecal sampling: method validation and the
influence of prior experience and handling protocols on stress responses. Gen.
Comp. Endocrinol. 195, 68-79.

Hamadldinen, A., Heistermann, M., Kraus, C., 2015. The stress of growing old: sex-and sea-
son-specific effects of age on allostatic load in wild grey mouse lemurs. Oecologia
1-13.

Hayward, A.D,, Rickard, 1], Lummaa, V., 2013. Influence of early-life nutrition on mortality
and reproductive success during a subsequent famine in a preindustrial population.
Proc. Natl. Acad. Sci. 110, 13886-13891.

Herman, J.P., McKlveen, J.M., Solomon, M.B., Carvalho-Netto, E., Myers, B., 2012. Neural
regulation of the stress response: glucocorticoid feedback mechanisms. Braz. J. Med.
Biol. Res. 45, 292-298.

Higham, J.P., 2016. Field endocrinology of nonhuman primates: past, present, and future.
Horm. Behav. 84, 145-155.

Higham, J.P., Heistermann, M., Maestripieri, D., 2013. The endocrinology of male rhesus
macaque social and reproductive status: a test of the challenge and social stress hy-
potheses. Behav. Ecol. Sociobiol. 67, 19-30.

Higham, J.P., MacLarnon, A.M., Heistermann, M., Ross, C., Semple, S., 2009. Rates of self-di-
rected behaviour and faecal glucocorticoid levels are not correlated in female wild
olive baboons (Papio hamadryas anubis). Stress 12, 526-532.

Higham, ].P., Maestripieri, D., 2014. The costs of reproductive success in male rhesus ma-
caques (Macaca mulatta) on Cayo Santiago. Int. ]. Primatol. 35, 661-676.

Hoffman, C.L., Ayala, J.E., Mas-Rivera, A., Maestripieri, D., 2010. Effects of reproductive
condition and dominance rank on cortisol responsiveness to stress in free-ranging fe-
male rhesus macaques. Am. J. Primatol. 72, 559-565.

Hoffman, C.L,, Higham, ].P., Heistermann, M., Coe, C.L, Prendergast, BJ., Maestripieri, D.,
2011. Immune function and HPA axis activity in free-ranging rhesus macaques. Phys-
iol. Behav. 104, 507-514.

Hoffman, C.L., Maestripieri, D., 2012. Costs of reproduction among rhesus macaque fe-
males on Cayo Santiago. In: Wang, Q. (Ed.), Bones, Genetics, and Behavior of Rhesus
Macaques. Springer, New York, pp. 209-226.

Homyack, J.A., 2010. Evaluating habitat quality of vertebrates using conservation physiol-
ogy tools. Wildl. Res. 37, 332-342.

Huck, M., Lottker, P., Heymann, E.W., Heistermann, M., 2005. Characterization and social
correlates of fecal testosterone and cortisol excretion in wild male Saguinus mystax.
Int. J. Primatol. 26, 159-179.

IUCN, 2012. No Title. IUCN RedList Threatened Species Version. p. 20121.

Jack, KM, Schoof, V.AM,, Sheller, C.R,, Rich, ClL, Klingelhofer, P.P., Ziegler, T.E., Fedigan, L.,
2014. Hormonal correlates of male life history stages in wild white-faced Capuchin
monkeys (Cebus capucinus). Gen. Comp. Endocrinol. 195, 58-67.

Jaimez, N.A,, Bribiescas, R.G., Aronsen, G.P., Anestis, S.A., Watts, D.P., 2012. Urinary cortisol
levels of gray-cheeked mangabeys are higher in disturbed compared to undisturbed
forest areas in Kibale National Park, Uganda. Anim. Conserv. 15, 242-247.

Johnson, E.O., Kamilaris, T.C., Carter, C.S., Calogero, AE., Gold, P.W., Chrousos, G.P., 1996.
The biobehavioral consequences of psychogenic stress in a small, social primate
(Callithrix jacchus jacchus). Biol. Psychiatry 40, 317-337.

Johnstone, C.P., Reina, R.D,, Lill, A., 2012. Interpreting indices of physiological stress in
free-living vertebrates. ]. Comp. Physiol. B. 182, 861-879.

Juster, R.-P.,, McEwen, B.S., Lupien, S.J., 2010. Allostatic load biomarkers of chronic stress
and impact on health and cognition. Neurosci. Biobehav. Rev. 35, 2-16.

Kalbitzer, U., Heistermann, M., Cheney, D., Seyfarth, R., Fischer, J., 2015. Social behavior
and patterns of testosterone and glucocorticoid levels differ between male chacma
and Guinea baboons. Horm. Behav. 75, 100-110.

Levine, S., 2005. Stress: an historical perspective. In: Steckler, T., Kalin, N.H., Reul,
J-M.H.M. (Eds.), The Book of Stress and the Brain, Part I. Elsevier Inc., San
Diego, CA, pp. 3-23.

Levine, S., Ursin, H., 1991. What Is Stress? In: Brown, M.R., Koob, G.F,, Rivier, C. (Eds.),
Stress: Neurobiology and Neuroendocrinology. Marcel Dekker, Inc., New York,
pp. 3-21

Lodge, E., Ross, C., Ortmann, S., MacLarnon, A.M., 2013. Influence of diet and stress on re-
productive hormones in Nigerian olive baboons. Gen. Comp. Endocrinol. 191,
146-154.

Lupien, S.J., McEwen, B.S., Gunnar, M.R., Heim, C., 2009. Effects of stress throughout
the lifespan on the brain, behaviour and cognition. Nat. Rev. Neurosci. 10,
434-445.

Lynch, JW., Ziegler, T.E., Strier, K.B., 2002. Individual and seasonal variation in fecal testos-
terone and cortisol levels of wild male tufted capuchin monkeys, Cebus apella nigritus.
Horm. Behav. 41, 275-287.

MacDougall-Shackleton, S.A., Schmidt, K.L., Furlonger, A.A., MacDougall-Shackleton, E.A.,
2013. HPA axis regulation, survival, and reproduction in free-living sparrows: func-
tional relationships or developmental correlations? Gen. Comp. Endocrinol. 190,
188-193.

MaclIntosh, A.J.J., Jacobs, A., Garcia, C., Shimizu, K., Mouri, K., Huffman, M.A., Hernandez,
AD., 2012. Monkeys in the middle: parasite transmission through the social network
of a wild primate. PLoS One 7, e51144.

Maclarnon, A, Sommer, V., Goffe, A,, Higham, J., Lodge, E., Tkaczynski, P., Ross, C., 2015.
Assessing adaptability and reactive scope: introducing a new measure and illustrat-
ing its use through a case study of environmental stress in forest-living baboons.
Gen. Comp. Endocrinol. 215, 10-24.

Madliger, C.L,, Love, O.P., 2016. Do baseline glucocorticoids simultaneously represent fit-
ness and environmental quality in a declining aerial insectivore? 125. Oikos,
pp. 1824-1837

Maestripieri, D., Hoffman, C.L, 2011. Chronic stress, allostatic load, and aging in nonhu-
man primates. Dev. Psychopathol. 23, 1187-1195.

Maestripieri, D., Hoffman, C.L, Fulks, R., Gerald, M.S., 2008. Plasma cortisol responses to
stress in lactating and nonlactating female rhesus macaques. Horm. Behav. 53,
170-176.

Mandalaywala, T.M., Higham, J.P., Heistermann, M., Parker, KJ., Maestripieri, D., 2014.
Physiological and behavioural responses to weaning conflict in free-ranging primate
infants. Anim. Behav. 97, 241-247.

Marasco, V., Boner, W., Heidinger, B., Griffiths, K., Monaghan, P., 2015. Repeated exposure
to stressful conditions can have beneficial effects on survival. Exp. Gerontol. 69,
170-175.

Marechal, L, Semple, S., Majolo, B., Qarro, M., Heistermann, M., MacLarnon, A., 2011. Im-
pacts of tourism on anxiety and physiological stress levels in wild male Barbary ma-
caques. Biol. Conserv. 144, 2188-2193.

Markham, A.C., Gesquiere, L.R., Alberts, S.C., Altmann, J., 2015. Optimal group size in a
highly social mammal. Proceedings of the National Academy of Sciences,
p.- 201517794.

Markham, A.C., Santymire, R.M., Lonsdorf, E.V., Heintz, M.R,, Lipende, L., Murray, C.M.,
2014. Rank effects on social stress in lactating chimpanzees. Anim. Behav. 87,
195-202.

Martinez-Mota, R., Valdespino, C., Sinchez-Ramos, M.A.,, Serio-Silva, ].C., 2007. Effects of
forest fragmentation on the physiological stress response of black howler monkeys.
Anim. Conserv. 10, 374-379.

Marty, P.R., Van Noordwijk, M.A., Heistermann, M., Willems, E.P., Dunkel, L.P., Cadilek, M.,
Agil, M., Weingrill, T., 2015. Endocrinological correlates of male bimaturism in wild
Bornean orangutans. Am. J. Primatol. 77, 1170-1178.

McEwen, B.S., Wingfield, ].C., 2003. The concept of allostasis in biology and biomedicine.
Horm. Behav. 43, 2-15.

McGuire, M.T., Raleigh, M.J., Johnson, C., 1983. Social dominance in adult male vervet
monkeys: general considerations. Social Science Information/Sur Les Sciences
Sociales.

Mendonca-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. Process. 109, 79-88.

Mittermeier, R.A., Oates, J.F., 1985. Primate diversity: the world's top countries. Prim.
Conserv. 5, 41-48.


http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0325
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0325
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0330
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0330
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0330
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0335
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0335
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0335
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0340
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0340
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0340
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0345
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0345
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0350
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0350
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0350
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0355
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0355
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0360
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0360
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0360
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0365
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0370
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0370
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0370
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0370
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0375
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0375
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0375
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0380
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0380
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0380
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0385
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0385
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0385
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0390
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0390
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0395
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0395
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0400
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0400
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0400
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0405
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0405
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0405
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0410
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0410
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0410
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0410
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0415
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0415
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0415
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0420
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0420
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0420
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0425
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0425
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0425
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0430
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0430
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0435
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0435
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0435
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0440
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0440
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0440
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0445
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0445
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0450
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0450
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0450
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0455
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0455
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0460
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0460
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0460
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0465
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0465
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0470
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0470
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0470
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0475
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0480
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0480
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0485
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0485
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0485
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0490
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0490
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0495
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0495
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0500
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0500
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0505
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0505
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0505
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0510
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0510
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0510
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0515
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0515
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0515
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0520
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0520
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0520
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0525
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0525
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0525
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0530
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0530
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0530
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0535
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0535
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0535
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0540
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0540
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0545
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0545
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0545
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0550
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0550
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0550
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0555
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0555
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0560
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0560
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0560
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0565
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0565
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0570
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0570
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0570
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0575
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0575
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0575
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0580
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0580
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0580
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0585
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0585
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0590
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0590
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0590
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0595
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0595
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0600
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0600
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0605
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0605
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0605
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0610
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0610
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0610
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0610
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0615
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0615

82 J.C. Beehner, TJ. Bergman / Hormones and Behavior 91 (2017) 68-83

Moberg, G.P., 2000. Biological response to stress: Implications for animal welfare. In:
Moberg, G.P., Mench, J.A. (Eds.), The Biology of Animal Stress: Basic Principles and Im-
plications for Animal Welfare. CABI Publishing, New York, pp. 1-21.

Monteiro, F.0.B., Kugelmeier, T., Valle, R.d.R,, Lima, A.B.F, Silva, F.E., Martins, S., Pereira,
L.G., Dinucci, K.L,, Viau, P., 2013. Evaluation of the fecal steroid concentrations in
Alouatta belzebul (Primates, Atelidae) in the National Forest of Tapirape-Aquiri in
Para, Brazil. ]. Med. Primatol. 42, 325-332.

Morrison, S.F., Cao, W., 2000. Different adrenal sympathetic preganglionic neurons regu-
late epinephrine and norepinephrine secretion. Am. J. Phys. Regul. Integr. Comp.
Phys. 279, R1763-R1775.

Muehlenbein, M., Watts, D., 2010. The costs of dominance: testosterone, cortisol and in-
testinal parasites in wild male chimpanzees. Bio. Psychol. Soc. Med. 4, 1-12.

Muehlenbein, M.P., 2006. Intestinal parasite infections and fecal steroid levels in wild
chimpanzees. Am. J. Phys. Anthropol. 130, 546-550.

Muehlenbein, M.P., Ancrenaz, M., Sakong, R., Ambu, L., Prall, S,, Fuller, G., Raghanti, M.A,,
2012. Ape conservation physiology: fecal glucocorticoid responses in wild Pongo
pygmaeus morio following human visitation. PLoS One 7.

Muller, M., Wrangham, R., 2004. Dominance, cortisol and stress in wild chimpanzees (Pan
troglodytes schweinfurthii). Behav. Ecol. Sociobiol. 55, 332-340.

Murray, C.M., Heintz, M.R,, Lonsdorf, E.V,, Parr, LA, Santymire, R.M., 2013. Validation of a
field technique and characterization of fecal glucocorticoid metabolite analysis in
wild chimpanzees (Pan troglodytes). Am. J. Primatol. 75, 57-64.

Nelson, RJ.,, 2011. An Introduction to Behavioral Endocrinology. fourth ed. Sinauer Asso-
ciates, Inc., Sunderland, MA.

Nguyen, N., Gesquiere, L.R.,, Wango, E.O., Alberts, S.C., Altmann, J., 2008. Late pregnancy
glucocorticoid levels predict responsiveness in wild baboon mothers (Papio
cynocephalus). Anim. Behav. 75, 1747-1756.

Onyango, P.O., Gesquiere, L.R., Wango, E.O., Alberts, S.C., Altmann, ]., 2008. Persistence of
maternal effects in baboons: Mother's dominance rank at son's conception predicts
stress hormone levels in subadult males. Horm. Behav. 54, 319-324.

Orchinik, M., 1998. Glucocorticoids, stress, and behavior: shifting the timeframe. Horm.
Behav. 34, 320-327.

Ostner, ], Heistermann, M., Schulke, O., 2008a. Dominance, aggression and physiological
stress in wild male Assamese macaques (Macaca assamensis). Horm. Behav. 54,
613-619.

Ostner, J., Kappeler, P., Heistermann, M., 2008b. Androgen and glucocorticoid levels reflect
seasonally occurring social challenges in male redfronted lemurs (Eulemur fulvus
rufus). Behav. Ecol. Sociobiol. 62, 627-638.

Parker, KJ., Maestripieri, D., 2011. Identifying key features of early stressful experiences
that produce stress vulnerability and resilience in primates. Neurosci. Biobehav.
Rev. 35, 1466-1483.

Patterson, S.H., Hahn, T.P., Cornelius, .M., Breuner, CW., 2014. Natural selection and glu-
cocorticoid physiology. . Evol. Biol. 27, 259-274.

Pride, R.E., 2005a. Foraging success, agonism, and predator alarms: behavioral predictors
of cortisol in Lemur catta. Int. J. Primatol. 26, 295-319.

Pride, R.E., 2005b. High faecal glucocorticoid levels predict mortality in ring-tailed lemurs
(Lemur catta). Biol. Lett. 1, 60-63.

Pride, R.E., 2005¢. Optimal group size and seasonal stress in ring-tailed lemurs (Lemur
catta). Behav. Ecol. 16, 550-560.

Rangel-Negrin, A., Alfaro, J.L., Valdez, R.A.,, Romano, M.C,, Serio-Silva, J.C., 2009. Stress in
Yucatan spider monkeys: effects of environmental conditions on fecal cortisol levels
in wild and captive populations. Anim. Conserv. 12, 496-502.

Rangel-Negrin, A., Coyohua-Fuentes, A., Chavira, R., Canales-Espinosa, D., Dias, P.A.D.,
2014. Primates living outside protected habitats are more stressed: the case of
black howler monkeys in the Yucatan peninsula. PLoS One 9.

Ray, J.C., Sapolsky, R.M., 1992. Styles of male social behavior and their endocrine corre-
lates among high-ranking wild baboons. Am. J. Primatol. 28, 231-250.

Rimbach, R, Link, A., Heistermann, M., Gomez-Posada, C., Galvis, N., Heymann, EW., 2013.
Effects of logging, hunting, and forest fragment size on physiological stress levels of
two sympatric ateline primates in Colombia. Contemp. Phys. 1 (cot031).

Rivers, JW., Liebl, AL, Owen, ].C., Martin, L.B., Betts, M.G., 2012. Baseline corticosterone is
positively related to juvenile survival in a migrant passerine bird. Funct. Ecol. 26,
1127-1134.

Robbins, M.M., Czekala, N.M., 1997. A preliminary investigation of urinary testosterone
and cortisol levels in wild male mountain gorillas. Am. J. Primatol. 43, 51-64.

Romero, L.M., 2004. Physiological stress in ecology: lessons from biomedical research.
Trends Ecol. Evol. 19, 248-254.

Romero, L.M,, Dickens, M., Cyr, N.E., 2009. The reactive scope model—a new model inte-
grating homeostasis, allostasis, and stress. Horm. Behav. 55, 375-389.

Romero, LM., Wikelski, M., 2010. Stress physiology as a predictor of survival in Galapagos
marine iguanas. Proc. R. Soc. Lond. B Biol. Sci. 277, 3157-3162.

Romero, L.M., Wingfield, ].C,, 2016. Tempests, Poxes, Predators, and People: Stress in Wild
Animals and how they Cope. Oxford University Press, New York.

Rosch, P.J., 2010. Remembering Hans Selye and the Birth of “Stress”. The American Insti-
tute of Stress http://www.stress.org/about/hans-selye-birth-of-stress/ (Jan).

Saltzman, W., Maestripieri, D., 2011. The neuroendocrinology of primate maternal behav-
ior. Prog. Neuro-Psychopharmacol. Biol. Psychiatry 35, 1192-1204.

Sapolsky, R., 1993a. Neuroendocrinology of the stress response. In: Breedlove, S., Crews,
D. (Eds.), Becker, ]. MIT Press, Behavioral Endocrinology, pp. 287-324.

Sapolsky, R.M., 1982. The endocrine stress-response and social status in the wild baboon.
Horm. Behav. 16, 279-292.

Sapolsky, R.M., 1983a. Endocrine aspects of social instability in the olive baboon (Papio
anubis). Am. ]. Primatol. 5, 365-379.

Sapolsky, R.M., 1983b. Individual differences in cortisol secretory patterns in the
wild baboon: role of negative feedback sensitivity. Endocrinology 113,
2263-2267.

Sapolsky, R.M., 1985. Stress-induced suppression of testicular function in the wild ba-
boon: role of glucocorticoids. Endocrinology 116, 2273-2278.

Sapolsky, R.M., 1990a. Adrenocortical function, social rank, and personality among wild
baboons. Biol. Psychiatry 28, 862-878.

Sapolsky, R.M., 1990b. Stress in the wild. Scientific American January, pp. 116-123.

Sapolsky, RM., 1992. Cortisol concentrations and the social significance of rank instability
among wild baboons. Psychoneuroendocrinology 17, 701-709.

Sapolsky, R.M., 1993b. Endocrinology alfresco: psychoendocrine studies of wild baboons.
Recent Prog. Horm. Res. 48, 437-468.

Sapolsky, R.M., 2004a. Social status and health in humans and other animals. Annu. Rev.
Anthropol. 393-418.

Sapolsky, R.M., 2004b. Why Zebras Don't Get Ulcers. Macmillan.

Sapolsky, R.M., Alberts, S.C., Altmann, J., 1997. Hypercortisolism associated with social
subordinance or social isolation among wild baboons. Arch. Gen. Psychiatry 54,
1137-1143.

Sapolsky, R.M., Altmann, J., 1991. Incidence of hypoercortisolism and dexametha-
sone resistance increases with age among wild baboons. Biol. Psychiatry 30,
1008-1016.

Sapolsky, R.M., Romero, L.M., Munck, A.U., 2000. How do glucocorticoids influence stress
responses? Integrating permissive, suppressive, stimulatory, and preparative actions
1. Endocr. Rev. 21, 55-89.

Scheun, J., Bennett, N.C,, Ganswindt, A., Nowack, J., 2015. The hustle and bustle of city life:
monitoring the effects of urbanisation in the African lesser bushbaby. Sci. Nat. 102,
57.

Schipper, J., Chanson, ].S., Chiozza, F., Cox, N.A,, Hoffmann, M., Katariya, V., Lamoreux, J.,
Rodrigues, AS., Stuart, S.N., Temple, H.J., 2008. The status of the world's land and ma-
rine mammals: diversity, threat, and knowledge. Science 322, 225-230.

Schoof, V.AM,, Bonnell, T.R,, Jack, K.M., Ziegler, T.E., Melin, A.D., Fedigan, LM., 2016. Male
endocrine response to seasonally varying environmental and social factors in a neo-
tropical primate, Cebus capucinus. Am. J. Phys. Anthropol. (n/a-n/a).

Schoof, V.AM,, Jack, K.M., 2013. The association of intergroup encounters, dominance sta-
tus, and fecal androgen and glucocorticoid profiles in wild male white-faced capu-
chins (Cebus capucinus). Am. J. Primatol. 75, 107-115.

Schoof, V.AM,, Jack, KM, Ziegler, T.E., 2014. Male response to female ovulation in white-
faced capuchins (Cebus capucinus): variation in fecal testosterone, dihydrotestoster-
one, and glucocorticoids. Int. J. Primatol. 35, 643-660.

Schiilke, O., Heistermann, M., Ostner, J., 2014. Lack of evidence for energetic costs of mate-
guarding in wild male Assamese macaques (Macaca assamensis). Int. J. Primatol. 35,
677-700.

Selye, H., 1936. Methods for stress induced ulcers. Nature 138, 32-33.

Seraphin, S.B., Whitten, P.L., Reynolds, V., 2008. The influence of age on fecal steroid hor-
mone levels in male Budongo Forest chimpanzees (Pan troglodytes schweinfurthii).
Am. J. Primatol. 70, 661-669.

Setchell, ].M., Smith, T., Wickings, E.J., Knapp, L.A., 2008. Factors affecting fecal glucocorti-
coid levels in semi-free-ranging female mandrills (Mandrillus sphinx). Am. ]. Primatol.
70, 1023-1032.

Setchell, J.M.,, Smith, T., Wickings, E.J., Knapp, L.A., 2010. Stress, social behaviour, and sec-
ondary sexual traits in a male primate. Horm. Behav. 58, 720-728.

Seyfarth, R.M,, Silk, ].B., Cheney, D.L., 2012. Variation in personality and fitness in wild fe-
male baboons. Proc. Natl. Acad. Sci. 109, 16980-16985.

Sheriff, M., Love, 0., 2013. Determining the adaptive potential of maternal stress. Ecol.
Lett. 16, 271-280.

Sheriff, MJ.,, Dantzer, B., Delehanty, B., Palme, R., Boonstra, R., 2011a. Measuring stress in
wildlife: techniques for quantifying glucocorticoids. Oecologia 166, 869-887.

Sheriff, M., Krebs, CJ., Boonstra, R., 2011b. From process to pattern: how fluctuating pre-
dation risk impacts the stress axis of snowshoe hares during the 10-year cycle.
Oecologia 166, 593-605.

Shutt, K., Heistermann, M., Kasim, A., Todd, A., Kalousova, B., Profosouva, I.,
Petrzelkova, K., Fuh, T., Dicky, J.F., Bopalanzognako, J.B., Setchell, ].M., 2014.
Effects of habituation, research and ecotourism on faecal glucocorticoid metabo-
lites in wild western lowland gorillas: implications for conservation manage-
ment. Biol. Conserv. 172, 72-79.

Shutt, K., MacLarnon, A., Heistermann, M., Semple, S., 2007. Grooming in Barbary ma-
caques: better to give than to receive? Biol. Lett. 3, 231-233.

Snaith, T.V., Chapman, C.A,, Rothman, J.M., Wasserman, M.D., 2008. Bigger groups have
fewer parasites and similar cortisol levels: a multi-group analysis in red colobus mon-
keys. Am. J. Primatol. 70, 1072-1080.

Sonnweber, R.S., Ravignani, A., Stobbe, N., Schiestl, G., Wallner, B., Fitch, W.T., 2015. Rank-
dependent grooming patterns and cortisol alleviation in Barbary macaques. Am.
J. Primatol. 77, 688-700.

Sousa, M.B.C,, Albuquerque, A.CS.d.R., Albuquerque, F.d.S., Araujo, A., Yamamoto, M.E.,
Arruda, M.d.F., 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.

Stanton, M.A., Heintz, M.R., Lonsdorf, E.V., Santymire, R.M., Lipende, 1., Murray, C.M., 2015.
Maternal behavior and physiological stress levels in wild chimpanzees (Pan troglo-
dytes schweinfurthii). Int. J. Primatol. 1-16.

Starling, A.P., Charpentier, M.J.E,, Fitzpatrick, C., Scordato, E.S., Drea, C.M., 2010. Seasonal-
ity, sociality, and reproduction: long-term stressors of ring-tailed lemurs (Lemur
catta). Horm. Behav. 57, 76-85.

Strier, K.B., Lynch, ].W., Ziegler, T.E., 2003. Hormonal changes during the mating and con-
ception seasons of wild northern muriquis (Brachyteles arachnoides hypoxanthus).
Am. J. Primatol. 61, 85-99.

Strier, K.B,, Ziegler, T.E., Wittwer, D J., 1999. Seasonal and social correlates of fecal testos-
terone and cortisol levels in wild male muriquis (Brachyteles arachnoides). Horm.
Behav. 35, 125-134.


http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0620
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0620
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0620
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0625
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0625
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0625
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0630
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0630
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0630
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0635
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0635
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0640
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0640
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0645
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0645
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0650
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0650
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0655
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0655
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0655
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0660
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0660
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0665
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0665
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0665
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0670
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0670
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0670
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0675
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0675
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0680
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0680
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0680
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0685
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0685
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0685
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0690
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0690
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0690
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0695
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0695
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0700
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0700
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0705
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0705
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0710
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0710
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0715
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0715
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0715
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0720
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0720
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0725
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0725
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0730
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0730
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0735
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0735
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0735
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0740
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0740
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0745
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0745
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0750
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0750
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0755
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0755
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0760
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0760
http://www.stress.org/about/hans-selye-birth-of-stress/
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0770
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0770
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0775
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0775
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0780
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0780
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0785
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0785
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0790
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0790
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0790
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0795
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0795
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0800
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0800
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0805
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0810
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0810
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0815
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0815
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0820
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0820
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0825
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0830
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0830
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0830
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0835
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0835
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0835
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0840
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0840
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0840
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0845
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0845
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0845
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0850
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0850
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0855
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0855
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0855
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0860
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0860
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0860
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0865
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0865
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0865
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0870
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0870
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0870
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0875
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0880
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0880
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0880
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0885
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0885
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0885
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0890
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0890
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0895
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0895
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0900
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0900
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0905
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0905
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0910
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0910
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0910
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0915
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0915
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0915
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0920
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0920
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0925
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0925
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0925
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0930
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0930
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0930
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0935
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0935
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0935
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0940
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0940
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0945
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0945
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0945
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0950
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0950
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0950
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0955
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0955
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0955

J.C. Beehner, TJ. Bergman / Hormones and Behavior 91 (2017) 68-83 83

Suleman, M.A.,, Wango, E., Sapolsky, R.M., Odongo, H., Hau, J., 2004. Physiologic manifes-
tations of stress from capture and restraint of free-ranging male African green mon-
keys (Cercopithecus aethiops). ]. Zoo Wildl. Med. 35, 20-24.

Suomi, SJ., Scanlan, .M., Rasmussen, K.L.,, Davidson, M., Boinski, S., Higley, ].D., Marriott, B.,
1989. Pituitary-adrenal response to capture in Cayo Santiago-derived group M rhesus
monkeys. P. R. Health Sci. J. 8, 171-176.

Surbeck, M., Deschner, T., Weltring, A., Hohmann, G., 2012. Social correlates of variation in
urinary cortisol in wild male bonobos (Pan paniscus). Horm. Behav. 62, 27-35.

Taymans, S.E., DeVries, A.C., DeVries, M.B., Nelson, R]J., Friedman, T.C., Castro, M., Detera-
Wadleigh, S., Carter, C.S., Chrousos, G.P., 1997. The hypothalamic-pituitary-adrenal
axis of prairie voles (Microtus ochrogaster): evidence for target tissue glucocorticoid
resistance. Gen. Comp. Endocrinol. 106, 48-61.

Tecot, S.R., 2013. Variable energetic strategies in disturbed and undisturbed rain forests:
Eulemur rubriventer fecal cortisol levels in south-eastern Madagascar. In: Masters, .,
Gamba, M., Génin, F. (Eds.), Leaping Ahead. Springer, New York, pp. 185-195.

Tkaczynski, P., MacLarnon, A,, Ross, C., 2014. Associations between spatial position, stress
and anxiety in forest baboons, Papio anubis. Behav. Process. 108, 1-6.

Uller, T., Nakagawa, S., English, S., 2013. Weak evidence for anticipatory parental effects in
plants and animals. ]. Evol. Biol. 26, 2161-2170.

Van Belle, S., Estrada, A., Ziegler, T.E., Strier, K.B., 2009. Social and hormonal mechanisms
underlying male reproductive strategies in black howler monkeys (Alouatta pigra).
Horm. Behav. 56, 355-363.

van Schaik, C.P., 1989. The ecology of social relationships amongst female primates. In:
Standen, V., Foley, R. (Eds.), Comparative Socioecology: The Behavioural Ecology of
Humans and Other Mammals. Blackwell, Oxford, pp. 195-218.

van Schaik, C.P., van Noordwijk, M.S., van Bragt, T., Blankenstein, M.A., 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.

Virgin, C.E., Sapolsky, R.M., 1997. Styles of male social behavior and their endocrine corre-
lates among low-ranking baboons. Am. J. Primatol. 42, 25-39.

Wasserman, M.D., Chapman, CA., Milton, K., Goldberg, T.L,, Ziegler, T.E., 2013. Physiolog-
ical and behavioral effects of capture darting on red colobus monkeys (Procolobus
rufomitratus) with a comparison to chimpanzee (Pan troglodytes) predation. Int.
J. Primatol. 34, 1020-1031.

Weaver, 1.C,, Cervoni, N., Champagne, F.A., D'Alessio, A.C., Sharma, S., Seckl, J.R., Dymov, S.,
Szyf, M., Meaney, M.J., 2004. Epigenetic programming by maternal behavior. Nat.
Neurosci. 7, 847-854.

Weingrill, T., Gray, D.A., Barrett, L., Henzi, S.P., 2004. Fecal cortisol levels in free-ranging
female chacma baboons: relationship to dominance, reproductive state and environ-
mental factors. Horm. Behav. 45, 259-2609.

Westergaard, G.C., Suomi, SJ, Chavanne, T.J., Houser, L., Hurley, A, Cleveland, A., Snoy, PJ.,
Higley, ].D., 2003. Physiological correlates of aggression and impulsivity in free-rang-
ing female primates. Neuropsychopharmacology 28, 1045-1055.

Wheeler, B.C,, Tiddi, B., Heistermann, M., 2014. Competition-induced stress does not ex-
plain deceptive alarm calling in tufted capuchin monkeys. Anim. Behav. 93, 49-58.

Wingfield, J.C., 1976. Avian endocrinology - field investigations and methods. Condor 78,
570-573.

Wingfield, ].C,, 2013a. The comparative biology of environmental stress: behavioural en-
docrinology and variation in ability to cope with novel, changing environments.
Anim. Behav. 85, 1127-1133.

Wingfield, ].C., 2013b. Ecological processes and the ecology of stress: the impacts of abi-
otic environmental factors. Funct. Ecol. 27, 37-44.

Wingfield, J.C., Sapolsky, R.M., 2003. Reproduction and resistance to stress: when and
how. ]. Neuroendocrinol. 15, 711-724.

Wittig, R M., Crockford, C., Lehmann, J., Whitten, P.L, Seyfarth, RM., Cheney, D.L., 2008.
Focused grooming networks and stress alleviation in wild female baboons. Horm.
Behav. 54, 170-177.

Wittig, R M., Crockford, C., Weltring, A., Deschner, T., Zuberbiihler, K., 2015. Single aggres-
sive interactions increase urinary glucocorticoid levels in wild male chimpanzees.
PLoS One 10, e0118695.

Waurtman, RJ., Axelrod, J., 1965. Adrenaline synthesis: control by the pituitary gland and
adrenal glucocorticoids. Science 150, 1464-1465.

Young, C., Majolo, B., Heistermann, M., Schiilke, O., Ostner, J., 2014. Responses to social
and environmental stress are attenuated by strong male bonds in wild macaques.
Proc. Natl. Acad. Sci. 111, 18195-18200.

Zanette, LY., White, A.F,, Allen, M.C,, Clinchy, M., 2011. Perceived predation risk reduces
the number of offspring songbirds produce per year. Science 334, 1398-1401.


http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0960
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0960
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0960
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0965
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0965
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0970
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0970
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0975
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0975
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0975
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0980
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0980
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0980
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0985
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0985
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0990
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0990
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0995
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0995
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf0995
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf1000
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf1000
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf1000
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf1005
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf1005
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf1005
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf1010
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf1010
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf1015
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf1015
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf1015
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf1015
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf1020
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf1020
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf1025
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf1025
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf1025
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf1030
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf1030
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf1035
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf1035
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf1040
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf1040
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf1045
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf1045
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf1045
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf1050
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf1050
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf1055
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf1055
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf1060
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf1060
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf1065
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf1065
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf1065
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf1070
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf1070
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf1075
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf1075
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf1075
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf1080
http://refhub.elsevier.com/S0018-506X(16)30250-1/rf1080

