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ARTICLE INFO ABSTRACT

Keywords: Stress is ubiquitous and thus, not surprisingly, many hypotheses and models have been created to better study
HPA axis the role stress plays in life. Stress spans fields and is found in the literature of biology, psychology, psycho-
Glucocort_icf’i.“ physiology, sociology, economics, and medicine, just to name a few. Stress, and the hypothalamic-pituitarya-
Reproducibility drenal/interrenal (HPA/I) axis and sympathetic nervous system (SNS), are involved in a multitude of behaviors
HARKing . . . . . . . ies

. and physiological processes, including life-history and ecological tradeoffs, developmental transitions, health,
Reproduction . . . . s s . .
Development and survival. The goal of this review is to highlight and summarize the large number of available hypotheses and

models, to aid in comparative and interdisciplinary thinking, and to increase reproducibility by a) discouraging
hypothesizing after results are known (HARKing) and b) encouraging a priori hypothesis testing. For this review I
collected 214 published hypotheses or models dealing broadly with stress. In the main paper, I summarized and
categorized 131 of those hypotheses and models which made direct connections among stress and/or HPA/I and
SNS, tradeoffs, transitions, and health. Of those 131, the majority made predictions about reproduction
(n = 43), the transition from health to disease (n = 38), development (n = 23), and stress coping (n = 18).
Additional hypotheses were classified as stage-spanning or models (n = 37). The additional 83 hypotheses found
during searches were tangentially related, or pertained to immune function or oxidative stress, and these are
listed separately. Many of the hypotheses share underlying rationale and suggest similar, if not identical, pre-
dictions, and are thus not mutually exclusive; some hypotheses spanned classification categories. Some of the
hypotheses have been tested multiple times, whereas others have only been examined a few times. It is the hope
that multi-disciplinary stress researchers will begin to harmonize their naming of hypotheses in the literature so
as to build a clearer picture of how stress impacts various outcomes across fields. The paper concludes with some
considerations and recommendations for robust testing of stress hypotheses.

1. Introduction stress by stating “stress is not simply nervous tension; stress reactions

do occur in lower animals, which have no nervous system, and even in

It has been nearly 85 years since Hans Selye brought the term stress
to the field of physiology (Selye, 1936; see Viner, 1999 for history). The
concept of stress has been a major boon (Fink, 2016a) for physiology,
medicine, ecology, and evolution as is evidenced by the multitude of
studies linking stress to behavior, health, tradeoffs, survival, and fit-
ness. Stress, broadly defined, can impact all life, ranging from uni-
cellular organisms, to plants, to vertebrates, and thus the role of stress
in shaping selection, evolution, and tradeoffs is likely. Selye defined
stress as “a state manifested by a specific syndrome which consists of all
the non-specifically induced changes in a biologic system” (Selye, 1959)
and, later, the “the nonspecific response of the body to any demand
made upon it” (Selye, 1973). He went on to highlight the ubiquity of

plants” (Selye, 1973). But, despite these writings, and given Selye’s
initial work, stress is often operationalized as activity of the hypotha-
lamic-pituitary-adrenal (HPA) axis, namely glucocorticoid hormone
release, and to a lesser extent by the sympathetic nervous system (SNS)
(Jackson, 2014). However, it should be noted that stress is not synon-
ymous with the HPA axis or with glucocorticoids, and the terms are not
interchangeable (MacDougall-Shackleton et al., 2019). Since Selye’s
initial introduction, there have been many refinements to and discus-
sions on the concept and definition of stress (see: Yates and Maran,
1974; Vigas, 1980; Stott, 1981; Levine, 1985; Lazarus, 1993; Dhabhar
and McEwen, 1997; Chrousos and Gold, 1992; Chrousos, 1998a; Lima,
1998; Buchanan, 2000; Creel, 2001; Kim and Diamond, 2002; Dallman,
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2003; McEwen and Wingfield, 2003, 2010; Romero, 2004; Levine,
2005; Armario, 2006; Monroe, 2008; Romero et al., 2009; Koolhaas
et al., 2011; Johnstone et al., 2012; de Kloet, 2014; Oken et al., 2015;
Fink, 2016b; Del Giudice et al., 2018; Epel et al., 2018), but there is still
no consensus on a single, universal definition.

Even from the beginning, Selye noted the importance of stress and
the stress response in adaptation (Selye, 1950, 1959), and for the role of
stress in the transition from health to disease (e.g., the sickness syn-
drome and diseases of adaptation, Selye, 1946, 1973, 1976). For ex-
ample, he stated “Indeed, there is perhaps even a certain parallelism
between the degree of aliveness and the extent of adaptability in every
animal and man.” (Selye, 1950). This idea of stress and adaptation has
continued and the stress response systems — mainly the HPA/I (inter-
renal) axis and to a lesser extent the SNS — have been prime targets for
understanding how stressors can shape physiology, behavior, and
evolution.

These two physiological systems have been expected targets for
investigation given their complex and important roles in shaping many
behaviors and physiological processes and because they are phylogen-
etically conserved (Denver, 2009a). They are particularly important as
the SNS and HPA/T axis can integrate environmental and internal in-
formation about a broad range of challenges (or stressors) and thus can
serve as a similar end point to many types of challenge (but see Romero
and Gormally, 2019). We now know that the stress response is not non-
specific, as Selye originally proposed: different stressors can lead to
differential activity of stress mediators (McCarty et al., 1992; Levine,
2005; Fink, 2016b), responses can vary depending on time-of-day, si-
tuation, sex, age, species, or life-history (Romero, 2002; DeVries et al.,
2003; Kudielka and Kirschbaum, 2005; Harris et al., 2012; Harris and
Saltzman, 2013; Niedbala et al., 2018; Heck and Handa, 2018; Zhao
et al., 2019). Additionally, the neural pathways relaying sensory in-
formation about stressors to the hypothalamus differ (see Herman and
Cullinan, 1997; Harris and Carr, 2016), but HPA/I axis and SNS acti-
vation does occur in response to a wide variety of challenges. The basal,
daily activity of these systems are critical for maintaining homeostasis
and baseline hormone levels have important preparative effects (Yates
and Maran, 1974; Sapolsky et al., 2000; Gjerstad et al., 2018).

Bidirectional interactions between the HPA/I axis and behaviors
also exist, as axis activation and release of glucocorticoids can influence
behavior, and behaviors can influence axis activity (Packard et al.,
2016). Thus, unsurprisingly, many authors have devised hypotheses
about how aspects of stress endocrinology underpin tradeoffs and life
history stage transitions. But, the physiological mediators that will be
highlighted as playing a major role in vertebrates (and in this review),
namely the HPA/I axis and the SNS, are not universally necessary for
organism to respond to stressors. For example, plants, bacteria, and
multiple invertebrates can all behaviorally and physiologically respond
and adapt to various stressors (e.g., Salmon et al., 2001; Nystrom, 2002;
Adamo, 2008, 2012; Hawlena and Schmitz, 2010; Verma et al., 2016)
and they lack HPA/I axes and SNS. All cells of all organisms are capable
of mounting cellular stress responses which are driven by a conserved
set of proteins, collectively called the minimal stress proteome of cells
(Kiiltz, 2005). This cellular stress response is thought to work with a
separate but interconnected cellular homeostatic response to aid in cell
survival (Kiiltz, 2005). Heat shock proteins are part of this minimal
stress proteome, they function as molecular chaperones and are im-
portant for responding to thermal, as well as multiple other types of
stresors (Kiiltz, 2005). For example, recent work in drosophila suggests
that the cellular stress response (heat shock and associated proteins)
can help to increase genetic variability in germ cells by creating de novo
mutations, via increased activation of transposable elements, which
would be beneficial for evolutionary responses to environmental
stressors (Cappucci et al., 2019; Maggert, 2019). Heat shock proteins
are also involved in the stability and regulation of glucocorticoid re-
ceptors in vertebrates (Kirschke et al., 2014; Rubin et al., 2014). Ad-
ditionally, “stress granules” or membraneless organelles comprised of
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RNA and RNA binding proteins form in response to acute challenges
(stressors) and are important drivers of cell function (Wolozin and
Ivanov, 2019); they are also found across eukaryotic taxa (see Buchan
et al., 2013). Invertebrates lack an HPA/I axis but still mount a neu-
roendocrine response to stressors, including the release of biogenic
amines, some of which are similar to or the same as those involved in
the SNS in vertebrates (e.g., dopamine, epinephrine, norepinephrine,
octopamine [structurally similar to norepinephrine], and/or serotonin;
reviewed in Adamo, 2012). Additionally, CRF- and POMC/ACTH-like
molecules are fond in a variety of invertebrates and may help them cope
with stressors (Ottaviani and Franceschi, 1996; Stefano et al., 2002).
Thus while the HPA/I axis and SNS are no doubt important for verte-
brate species, and conserved functioning of axis hormone precursors
may be beneficial in other species, they are by no means the only way in
which organisms can respond to and cope with changes in the en-
vironment. In all organisms, multiple interactions among molecular,
genetic, cellular, neuroendocrine, and behavioral components are likely
important to adequately respond to stressors (Ottaviani and Franceschi,
1996; Kiiltz, 2005; Adamo, 2012; Wada, 2019).

The aims of this special issue of General and Comparative
Endocrinology are to 1) review the evidence that ecological tradeoffs
lead to changes in endocrine function in wild animals and 2) address
the possibility that ecological tradeoffs have shaped the evolution of
endocrine axes. Although it is incredibly likely that bidirectional re-
lationships between tradeoffs and stress (and the physiological stress
response) have influenced evolution and selection, there exists a cause
and consequence issue. Part of this issue is due to the nebulous defi-
nition of stress (see citations above) and the other is due to the com-
plexity of endocrine systems (e.g., what aspect of regulation is selected
for? — plasticity of response, magnitude of response, circulating hor-
mone levels, receptor number or function, speed of feedback, etc.) and
the determination of selection for adaptations vs exaptations (see
Ketterson and Nolan, 1999 for a good discussion of this topic). Ad-
ditionally, when asking how proximate mechanisms might support ul-
timate explanations, it is not clear if stress physiology directly de-
termines outcomes (e.g., phenotype), if there is correlational selection
pressure on stress physiology and related outcomes, or if outcomes
determine stress physiology (Carere et al., 2010). Lastly, using hor-
monal phenotype-fitness relationships to answer questions about evo-
lutionary endocrinology can be problematic (Bonier and Martin, 2016).
The current review will not tackle the evolution of endocrine axes, per
se, but will address the hypothesized relationships among stress, the
endocrine stress response systems, and ecological and life-history tra-
deoffs as well as life-history transitions in vertebrates.

The hypotheses and models contained in this review span multiple
scientific fields and address both proximate (how) and ultimate (why)
questions. The goal of this paper is to provide a framework for com-
paring and contrasting predictions about stress tradeoffs, transitions,
and overall survival. Additionally, it is the hope that multi-disciplinary
stress researchers will begin to harmonize their definitions and hy-
potheses so as to build a clearer picture of how stress impacts various
outcomes across fields. The layout of the manuscript is as follows: be-
fore discussing the hypotheses, I briefly describe the role of stress and
stress mediators in tradeoffs (Section 2) and transitions (Section 3). I
then describe and categorize the hypotheses found in the literature
(Section 4; Fig. 1; Table 1) and briefly review the framework sur-
rounding hypotheses related to reproduction (Section 4.1), develop-
ment (Section 4.2), stress coping and variability (Section 4.3), health to
disease (Section 4.4), and then cover stage-spanning hypotheses or
models (Section 4.5). Lastly, I summarize why a priori hypothesis for-
mation and testing is important (Section 5) and provide some practical
concerns and caveats for testing stress hypotheses (Section 6).

2. Stress, stress mediators, and tradeoffs

Tradeoffs, or “fitness costs that occur when a beneficial change in
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one trait is linked to a detrimental change in another” (Stearns, 1989;
but see Zera and Harshman, 2001), are a central tenet of life-history and
ecological theory (Stearns, 1989; Garland, 2014; Healy et al., 2019).
Tradeoffs have also been recognized to play a role in the ecomorpho-
logical paradigm and for evolution of complex phenotypes (e.g., whole-
organism performance; Garland and Carter, 1994; Lailvaux and Husak,
2014). Tradeoffs typically operate under the general assumption that
resources are limited and available organismal resources (energy) are
diverted to the processes or behaviors that are most beneficial in order
to maximize lifetime reproductive success, but that this diversion comes
at a cost (the Y model; Wasser and Barash, 1983; Bronson, 1989;
Reznick et al., 1990; Roff, 1992; Stearns, 1992, 2000; Zera and
Harshman, 2001). The necessity for organisms to partition limited re-
sources has led to several proposed tradeoffs (Stearns, 1992, 2000).
Examples include balances between current vs. future reproduction,
reproduction vs. survival, reproduction vs. growth, offspring number
vs. offspring size, age/size at maturity vs. lifespan, feeding vs. fleeing
behavior, sexual selection vs. predation (extravagance handicap), inter-
brood/-birth interval and offspring survival, solitary vs. social living, as
well as many others (Hamilton and Zuk, 1982; Stearns, 1989, 1992,
2000; Lima and Dill, 1990; Roff 1992; Blumstein et al., 2010). The
stress response is thought to be costly (Lankford et al., 2005; Vermeulen
and Loeschcke, 2007), making it likely to be involved in these types of
tradeoffs.

The mechanisms that drive and support tradeoffs can be classified as
genetic, phenotypic, or intermediate (Stearns, 1989). Traditionally,
tradeoffs at the genetic and phenotypic levels have received the most
attention and empirical testing, however, the role of intermediate
structures (e.g., physiological and developmental mechanisms under
hormone control) in linking genotype to phenotype are incredibly re-
levant but have received relatively little attention and are largely un-
known (Stearns, 1989, 2000; Ketterson and Nolan, 1999; Ricklefs and
Wikelski, 2002; Moore and Hopkins, 2009). Specifically, the role of the
endocrine system is likely critical as hormones coordinate many phy-
siological and behavioral endpoints and can have pleiotropic effects
(Williams, 1957; Ketterson and Nolan, 1999; Zera and Harshman, 2001;
Ricklefs and Wikelski, 2002; Moore and Hopkins, 2009; Lailvaux and
Husak, 2014; Cox et al., 2016; Garland et al., 2016), making them
prime candidates for linking multiple traits, and connecting genotype to
phenotype (Stearns, 1989).

The hormonal cascades associated with the endocrine stress re-
sponse, that is activation of the hypothalamic-pituitaryadrenal/inter-
renal (HPA/I) axis and sympathoadrenomedullary system, have been
suggested to mediate various tradeoffs. Due to the multiple functions of
the glucocorticoid hormones (Sapolsky et al., 2000; Hau et al., 2016),
and the relative ease with which these hormones can be measured, the
HPA/I axis has received the most attention. Baseline levels of gluco-
corticoids are necessary for metabolic, brain, and homeostatic regula-
tion on a daily basis (Sapolsky et al., 2000), as these hormones are
released in a circadian pattern, with the endogenous glucocorticoid
peak occurring just prior to the onset of daily activity (Dallman et al.,
1987, 1993; Chrousos, 1998b; Sapolsky et al., 2000; Landys et al., 2006;
Harris et al., 2012; Lightman, 2016). The HPA/I axis and the gluco-
corticoids are also critically important in the organismal response to
stressors and can have permissive, suppressive, stimulatory, or pre-
parative effects, depending on the location, time course, tissue type,
and receptors involved (Sapolsky et al., 2000; Sapolsky, 2002). Gluco-
corticoids act on numerous cell types and physiological systems and
affect a large number of organismal functions, including multiple be-
haviors, emotion, cognition, immunity, energy partitioning, metabo-
lism (via suppression of insulin secretion and stimulation of gluconeo-
genesis, lipolysis, glycogenolysis, and proteolysis), feeding, locomotion,
and reproduction (Dallman et al., 1993; Stratakis and Chrousos, 1995;
Chrousos, 1998a; Sapolsky et al, 2000; Sapolsky, 2002; Wingfield and
Sapolsky, 2003; Boonstra, 2005; Reeder and Kramer, 2005; Ferin,
2006), all of which make these hormones prime candidates as
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mediators of resource allocation and tradeoffs.

While life-history theory mainly focuses on the distribution of lim-
ited resources (Reznick et al., 1990; Roff, 1992; Stearns, 1992, 2000),
life-history and ecological tradeoffs can also appear when a physiolo-
gical constraint exists within an organism (Ricklefs and Wikelski,
2002). For example, according to Ketterson and Nolan (1999), hor-
monal tradeoffs are “costs to potential fitness that occur when some but
not all of the traits mediated by a hormone are beneficial.” Given that
hormones, and particularly the glucocorticoids, can control a suite of
responses (i.e., have pleiotropic effects) this seems particularly fitting.
It might be true that glucocorticoids influence both the acquisition of
resources and the allocation of resources (Sapolsky et al., 2000), but
glucocorticoid-mediated resource allocation may not be the only way in
which a tradeoff is maintained. For example, just as physiological and
hormonal constraints on behavior are observed in differing life-history
states (Jacobs and Wingfield, 2000), activation of the stress-responsive
systems (e.g., SNS and HPA/I axis) may produce scenarios that are no
longer conducive to the expression of specific behaviors, regardless of
energy availability. Thus, these hormones may play more direct, en-
ergy-mediating roles in tradeoffs or may have more indirect influences
by making different behavioral or physiological states incompatible,
regardless of energy status.

3. Stress, stress mediators, and transitions

Just as ecological and life-history tradeoffs are important for un-
derstanding organismal function, so too are daily, situational, ontoge-
netic, and life history stage transitions. All species undergo develop-
mental changes from conception to maturity. For some species, these
changes are rapid and maturation occurs quickly; for others, the process
is slower, but in all species these transitions are critical. Developmental
transitions for vertebrates can include fetal growth (either in utero or in
egg), parturition or hatching, smoltification (salmonids), reproductive
maturity, and dispersal from natal nest or territory. Repetitive life
history stage transitions include those that occur cyclically and define
the life cycle of an organism, such as migration, breeding, offspring
rearing, and molting. These transitions are necessary, adaptive, and, in
vertebrates, are driven, at least in part, by glucocorticoids (de Kloet
et al., 1988; Romero, 2002; Landys et al., 2006; Wada, 2008; Denver,
2009b; Crespi et al., 2013; Buchholz, 2015; Fowden and Forhead, 2015;
Fowden et al., 2016). In addition to the cyclical transitions, Wingfield
and colleagues (1998) proposed a new transition to an emergency life
history stage which can occur when current labile perturbation factors
(challenges) have reached a critical threshold and the organism can no
longer continue in the current life history stage. This emergency stage is
likely driven by the HPA axis and glucocorticoids, and follows a set of
behavioral and physiological adjustments to help the organism deal
with the perturbations and increase survival (Wingfield et al., 1998;
Wingfield and Kitaysky, 2002; Wingfield and Romero, 2010). Thus,
glucocorticoids aid in the adaptive temporary suppression of the cur-
rent life history stage.

Glucocorticoids play important roles in ontogenetic and life history
stage transitions, but understanding how variation in the stress re-
sponse correlates with coping and resilience, and how the stress re-
sponse influences aging, senescence, and disease is not as clear. Stress in
general, and glucocorticoids specifically, can absolutely impact aspects
of mental and physical health, and the behavioral and physiological
response to stressors (coping) can be an important link for the transition
from health to disease. Both baseline and post-stressor levels of gluco-
corticoids can increase with age and impact the transition to senescence
(Sapolsky et al., 1986; Masoro, 1995; Otte et al., 2005; Deuschle et al.,
1997), and along with other stress mediators, glucocorticoids can shift
an individual from a state of health to one of disease (Selye, 1973;
McEwen and Wingfield, 2003; McEwen, 2008; Juster et al., 2010).
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4. The stress hypotheses

Stress is ubiquitous and thus, not surprisingly, many hypotheses
have been created to better study the role stress plays in life. Stress
spans fields and is found in the literature of biology, psychology, psy-
chophysiology, sociology, economics, and medicine, just to name a few.
This review includes 214 different named hypotheses discussed in the
literature, 131 of them are categorized and described in the main text
(Table 1); the additional 83 hypotheses are included separately
(Table 2). This is likely not an exhaustive list of all stress-related hy-
potheses, although every attempt was made to be extremely thorough.
Importantly, effort was made to incorporate hypotheses that span dis-
ciplines with the goal of making work more integrative, comparative,
and translational. To find papers I used Google Scholar and PubMed to
search relevant terms (e.g., stress hypothesis, cort hypothesis, GC hy-
pothesis, reproductive tradeoff, stress and health, etc.). I searched my
own computer files and scanned social media for new papers. I also
searched pertinent references of the sources I found. When searching
for papers to include in the main body of this review, I narrowed my
focus to those that mentioned the word stress specifically and/or in-
cluded the role of classical stress mediators (HPA/I axis and SNS).
Given the different fields included, and the ongoing debates within each
field, about what, exactly, we mean by stress (see Section 1), here I will
not attempt to provide a unifying definition. Instead, I will let the in-
dividual authors describe what they mean by stress within each paper. I
did not categorize or expand on hypotheses related to immune function
and oxidative stress due to their own extensive literatures (e.g., see
Demas and Nelson, 2012; Costantini, 2014; Cain and Cidlowski, 2017),
but the (non-exhaustive) list of hypotheses related to those topics can
be found in Table 2. Table 2 also contains hypotheses that were tan-
gentially related to the focus of the paper and were thus not included in
Table 1. Additional reviews compiling stress literature, hypotheses, and
predictions on immunity and oxidative stress would certainly be useful.
In this paper I make no effort to review the legitimacy or the support for
or against each hypothesis, unless this information was explicitly stated
in the reference, as doing so would be too much for one paper.

The described hypotheses are categorized by the tradeoff or tran-
sition they most closely explain and major topics include: development
(n = 23), reproduction (n = 43), health to disease (n = 38), stress
coping (n = 18), and stage spanning hypotheses or models (n = 37). In
addition to these major categories, some hypotheses also pertain to
other or secondary topics (e.g., survival, social interaction, hormone
regulation, performance, aging): these secondary topics are listed in
parentheses in the Stage or Transition column of Table 1. Within in
each major category, I tried to further organize the hypotheses into
themes. Some themes were more cohesive and allowed me to match
hypotheses by prediction, other themes were looser or more broad as I
could not find a way to present totally unified predictions. Please see
Supplemental Table 1 for an editable version of the Table 1 included
here as readers may want to organize themes in a different manner.

Fig. 1 lists the hypotheses by major category, it should be noted that
some hypotheses fit into more than one category and are thus listed
more than once. However, when organizing Fig. 1, hypotheses that fit
into the category of stage-spanning hypotheses or models were not
listed in other categories as they could likely have been listed in every
one. Thus, there could be much more overlap of hypotheses among
categories than is currently listed.

Table 1 contains an alphabetized and more in-depth description of
each hypothesis, including definition; predictions; stage or transition;
taxon specificity; proposed mediators — categorized as HPA/I axis
(glucocorticoids; GCs), autonomic nervous system, or other; and if re-
levant, baseline or post-stress GCs; and any additional notes. Out of the
131 hypotheses, 111 include specific mention of the HPA/I axis as a
mediator with the most common dependent variable being the gluco-
corticoids. Of those that listed specific glucocorticoid predictions, 14
hypotheses addressed baseline glucocorticoid level only, 40 addressed
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post-stress levels only, and 52 additional hypotheses mentioned both
baseline and post-stress levels. When possible to do so without losing
meaning, the wording from the original text was shortened, in other
cases, original text is used. I tried not to take away from the initial
authors’ writing and therefore terminology is not entirely consistent
across Table 1 as I did not attempt to standardize word usage. This table
is meant to be used as a reference and compilation, not an exhaustive
work of each hypothesis. In all cases please see the original source for
longer discussions of each hypothesis, and their background and ra-
tionale. It should be noted that the sources used are not always the first
to propose the framework but were chosen because they were the first
to formally name the hypothesis, to provide a great description of the
hypothesis, or to make a major contribution to highlighting or re-
viewing the hypothesis. Some hypotheses are very detailed, specifying
thorough predictions for direct mediators and likely moderators,
whereas others are more general in their predictions. Some of the hy-
potheses listed are actually defined as models (e.g., Allostatic Load
Model, Biological Sensitivity to Context Model, Reactive Scope Model,
Traditional Model) and are much more comprehensive than straight
hypotheses, thus not all items listed in Table 1 are equal in their de-
scriptive and predictive power. Moreover, some hypotheses have been
tested multiple times and others only a few (at least based on searches
of the hypothesis name — the concept may very well have been tested in
other papers). Future critical investigation of studies supporting or
failing to support each hypothesis, or family of hypotheses, would
certainly be illuminating. Additionally, several of the hypotheses are
similar or nearly identical to one another in description and/or in
predictions. I included them all to highlight how many hypotheses exist
in the literature. Thus, the hypotheses listed here are not necessarily
mutually exclusive. Lastly, many of the hypotheses from different fields
have parallel ideas, or in some cases nearly identical ideas with dif-
ferent names. My hope is that overtime hypotheses will be tested,
consolidated, and streamlined as the broad field of stress physiology
moves forward. Below in Sections 4.1 through 4.4, I have outlined the
basics of the literature framework for each of the hypothesis major
categories listed in Fig. 1 and Table 1.

4.1. Reproduction: stress, GCs, and reproduction framework

The most prominent life-history and ecological tradeoffs are those
surrounding the cost of reproduction (i.e., the marginal increase in
adult mortality incurred by investing resources in reproduction;
Stearns, 1976). In the 1930s, Fisher proposed that each individual has a
reproductive value, or the mean amount of future reproductive success,
and this reproductive value changes with age (Fisher, 1930). The “cost
of reproduction” framework for life-history tradeoffs was formalized by
Williams (1966) and states reproduction is costly and therefore a tra-
deoff between investment in reproduction vs self (maintenance or
growth) exists. The Asset Protection Principle for ecological tradeoffs
was proposed by Clark (1994) and states the larger the current re-
productive asset, the more important it becomes to protect it. Thus, in
general, reproductive tradeoffs have two major costs — those paid to
survival and those paid to future reproduction (Stearns, 1989).

Investing too heavily in a current reproductive bout, specifically
under challenging conditions, could lead to decreases in parental body
condition (e.g., energy reserves, immune function), which could ulti-
mately impact survival and future reproductive opportunities (Wasser
and Barash, 1983; Roskaft, 1985; Bronson, 1989; Daan et al., 1990;
Wingfield and Sapolsky, 2003). Which breeding option (current vs.
future) is more favorable depends on a variety of organismal and en-
vironmental factors, including, but not limited to, nutritional and
health status, somatic growth/body condition, social cues, abiotic and
biotic resources, residual reproductive value, and current life-history
state (Bronson, 1989; Stearns, 1992). Frequently, suppressing or tria-
ging reproduction under currently unfavorable (stressful) conditions is
more advantageous than wasting precious energy and resources on
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/ Reproduction \ / Health to Disease \
1. Adaptive Stress 1. Alcohol Stress Response
2. Adaptive Theory (Trivers-Willard) Dampening
3. Brood Value 2. Anna Karenina
4. Capricious Conditions 3. Attenuation
5. Christian Stress 4. Burn-Out
6. Chronic Stress 5. Coping Hypothesis of Aging
7. Constraint 6. Corticosteroid Receptor
8. Context-Dependent Hypothesis of Depression
9. Cort(GC)-Adaptation 7. CRF Hypothesis of Depression
10. Cort-Fitness 8. CRF-HPA Dysregulation
11. Cort-Flexibility 9. Cumulative Stress
12. Cortisol Buffering 10. Deakin/Graeff
13. Cort-Trade-Off 11. Diathesis Stress
14. Current Condition 12. Differential Susceptibility
15. Current Reproduction vs. Survival 13. Double-Hit or Two(2)-Hit
16. Developmental Stress 14. Endocannabinoid Deficiency
17. Economic Stress Hypothesis of PTSD
18. Energetic Stress 15. GALF
19. Energetics-Hormone Vocalization 16. Glucocorticoid Cascade
20. Facilitation 17. Glucocorticoid Vulnerability
21. Fat and Fit 18. Glutamate Hypothesis of
22. (GC-induced) Reproductive Conflict Depression
23. Lean and Fit 19. John Henryism
24. Match-Mismatch! 20. Leaky Gut
25. Maternal/Offspring Match 21. Match-Mismatch Hypothesis of
26. Maternal-Match Disease?
27. Nutritional Stress 22. Maternal Mediation?
28. Parental Care 23. Mismatch
29. Predation Stress 24. Mosaic Hypothesis of Epigenetics
30. Predation-Sensitive Foraging 25. (MR/GR) Balance
31. Predator-Induced Breeding 26. Neurocognitive
Suppression 27. Neurogenesis
32. Prudent Parent 28. Neuroplasticity
33. Reproductive Stress 29. Perseverative Cognition
34. Restraint 30. Predictive Adaptation
35. Senescence 31. Reactivity
36. Short-Season 32. Self-Medication
37. Stress Hyporesponsiveness Period? 33. Stress Acceleration
38. Stress of Subordination 34. Stress Coping (mis)Match
39. Stress-suppression 35. Stress Generation
40. Terminal Restraint 36. Stress-Vulnerability
41. Trade-Off 37. Tension-Reduction
42. Value of Reproduction 38. Three(3)-Hit
. Workload

/

/

General and Comparative Endocrinology 288 (2020) 113355

/ Development \ / Stage Spanning or \
1. Attenuation Models
g‘ gompgnsgtlon . 1. Adaptive Calibration Model
. Conditioning Hormesis 2 Adaptive Tunine Model
4. Cortisol Buffering . aptive Tuning Mode
5 Cumulative Stress 3. Allostatic Load Model
6 Dol 4. Behavior Hypothesis
7. Developmental Stress 5. Behavioral Resiliency
P 5 Hypothesis
g‘ EDouble-Hlt or TWO(%).—HII 6. Biological Sensitivity to
. Everyday Stress Resilience Context Model
10. Glucocorticoid (overexposure) 7 Bog exC it isaaiiesis
11. Match-Mismatch Hypothesis of 8- an}_] Ac(iivi OH yp}:) e
Disease? - .tY ypothesis
12. Maternal Mediation' 9. - Damage Fitness Model
13. Maternal Mediation? 10. Developmenlfil Origins of
14. Maternal/Offspring Match 1 gizllﬂlilzrrlri(?x:eselii; st
}2 m:::;l};Mawh 12. Ecology of Fear Framework
17. Mosaic Hypothesis of Epigenetics 1, I mergemgy 1L Iy Mg
aic Hyp P18 14. Energy Mobilization
18. Nutritional Stress Hypothesis
19. Silver n
234 :tre:s ls%l::?:(e)leration 15. Fight or Flight :

21. Stress Coping (mis)Match 16. Free-Hormone Hypothesis
22. Stress Hyporesponsiveness Period! g el AR fyiieme
VLD 18. Hawk-Dove Model
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5. John Henryism 25. Mosaic Hypothesis

6. (MR/GR) Balance 26. Ongoing Selection Hypothesis

7. Malﬂ-EffeCtS 27. Optimal Endocrine Phenotype

8. Matching B Hypothesis

9. Neurocognitive 28. Pace of Life Syndrome

10. Predictive Adaptation 29. Polyvagal Theory

11. Reactivity 30. Preparative Hypothesis

12. Self-Medication 31. Reactive Scope Model

13. Stress Acceleration 32. Reservoir Hormone Hypothesis

14. (stress) Buffering 33. Scope of Flexibility

15. Stress Generation 34. Speed of Flexibility

16. Stress-coping (mis)Match 35. Stress Gradient Hypothesis

. Tend and Befriend

. Tension-Reduction

/
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Fig. 1. Categorization of HPA/SNS/stress hypotheses included in this review. Hypotheses may be listed in more than one category, depending on predictions (note:
hypotheses listed under stage spanning or models do not appear in more than one category on this figure due to space). Descriptions, predictions, and additional
details for each hypothesis can be found in Table 1 (superscript numbers refer to entry on Table 1).

reproductive attempts that are likely to fail (Wasser and Barash, 1983;
Reznick, 1985; Bronson, 1989; Wingfield and Sapolsky, 2003;
Harshman and Zera, 2007). Current dogma suggests that stress, and
HPA/I hormones, promote fitness during challenging times by sup-
pressing current reproduction (physiology and/or behavior) and
shifting resources and behaviors to survival or future reproductive ef-
forts (Wingfield and Sapolsky, 2003; Crespi et al., 2013). Using this
framework, several hypotheses predict that during stressful times, or-
ganisms will favor self-maintenance and future reproductive opportu-
nities at the cost to current breeding (Crossin et al., 2016). But, recent
work has challenged this simplified view (see Breuner et al., 2008;
Bonier et al., 2009a,b) and suggests the relationship between stress and
reproduction is much more complicated and nuanced. Under specific
conditions, however, organisms are expected to invest more heavily in
current reproduction and thus show a blunted response to stress in
order to protect reproductive effort (see Tables 1 and 2 in Wingfield and
Sapolsky, 2003); this tradeoff often depends on an organism’s ecology,
environment, and/or life history stage.

Many of the proposed hypotheses covered in this review (n = 43
out of 131) address how, when, and by what mechanism these value of
reproduction tradeoffs occur. The majority of these hypotheses make
the assumption that elevation in stress mediators (mainly glucocorti-
coids) has a negative impact on current reproductive investment. In
order to aid in comparing these hypotheses, I chose to classify them into
one of five themes: 1) Increased stress/ GCs impair reproduction (25
hypotheses: Brood Value Hypothesis; Capricious Conditions

Hypothesis; Christian (non-adaptive) Stress Hypothesis; Chronic Stress
Hypothesis; Constraint Hypothesis; Cort (GC)-Adaptation Hypothesis;
Cort-Fitness Hypothesis; Cort-Flexibility Hypothesis; Cort-trade-off
Hypothesis; Current Reproduction vs. Survival Hypothesis; Parental
Care Hypothesis; Predation Stress Hypothesis; Predation-Sensitive
Foraging Hypothesis; Predator-Induced Breeding Suppression (PIBS)

Hypothesis; Prudent Parent Hypothesis; Restraint Hypothesis;
Senescence Hypothesis; Short-Season Hypothesis; Stress
Hyporesponsiveness Period* Stress of Subordination; Stress-

Suppression Hypothesis; Terminal Restraint Hypothesis; Trade-off
Hypothesis; Value of Reproduction Hypothesis; Workload Hypothesis),
2) Increased stress/GCs facilitate reproduction (5 hypotheses: Adaptive
Stress Hypothesis; Energetics-Hormone Vocalization Model; Facilitation
Hypothesis; (GC-Induced) Reproductive Conflict Hypothesis; Match-
Mismatch Hypothesisl), 3) Increased GCs can either inhibit or facilitate
reproduction (3 hypothesis: Context-Dependent Hypothesis; Cortisol
Buffering Hypothesis; Current Condition Hypothesis), 4) Increased GCs
are an honest signal for reproductive programming (6 hypotheses:
Adaptive Theory Hypothesis; Developmental Stress Hypothesis;
Economic Stress Hypothesis; Maternal/Offspring Match Hypothesis;
Maternal-Match Hypothesis; Nutritional Stress Hypothesis), and 5) GCs
are related to reproductive energetic status (5 hypotheses: Lean and Fit
Hypothesis; Fat and Fit Hypothesis; Reproductive Stress Hypothesis;
Energetic Stress Hypothesis). Supplemental Fig. 1 shows themed ar-
rangement of the hypotheses. Please note, these hypotheses could likely
be arranged in a variety of ways besides the way in which they are
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Table 2
Hypotheses that were found during literature searches or during manuscript writing but were not included in Table 1 as they were deemed tangentially related or
dealt with oxidative stress or the immune system.

General and Comparative Endocrinology 288 (2020) 113355

# Name Topic/Notes Source(s)

1 Adaptation Hypothesis Health to Disease Cohen et al., 2019

2 (Antioxidant) Consumption Hypothesis Oxidative stress Cohen et al., 2008

3 (Antioxidant) Regulation Hypothesis Oxidative stress Cohen et al., 2008

4 Attention Hypothesis ACTH on memory Van Riezen et al., 1977

5 Autonomic Imbalance Hypothesis Stress system and athletes Lehmann et al., 1998

6 Behaviour-Hypothesis GC function after psychological stress Yates and Maran, 1974

7 Beneficial Acclimatization Hypothesis Thermal stress Wilson and Franklin, 2002

8 Biopsychosocial Model of Challenge and Threat Stress Coping Blascovich and Tomaka, 1996

9 Burden of Adversity Hypothesis PTSD; Polytrauma Brenner et al., 2009

10  Catecholamine Hypothesis of Affective Disorders Health to Disease; Mental Health Schildkraut, 1965

11  Common Soil Hypothesis Oxidative stress Ceriello and Motz, 2004

12  Cognitive Activation Theory of Stress (CATS) Cognitive response Ursin and Eriksen, 2010

13  Consolidation Hypothesis Development; Environmental Match Groothuis and Taborsky, 2015

14  Constraint Hypothesis Oxidative stress Viblanc et al., 2018

15  Cost Hypothesis Oxidative stress Viblanc et al., 2018

16  CRF Hypothesis Cyclical vomiting syndrome Tache, 1999

17  CRH Excess Hypothesis Specific to West Syndrome Brunson et al., 2001

18  Early Illness Amnesia Hypothesis Mental Health; PTSD Granja et al., 2008

19  Elongation hypothesis Oxidative stress/aging Haussmann and Mauck, 2007

20  Emotional (Stress) Contagion Factors influencing stress reactivity Bolger et al., 1989; Gump and Kulik, 1997; Barsade, 2002;
Waters et al., 2014; da Silva et al., 2019

21  Energy Crisis Hypothesis Immune Adamo, 2008

22 Evolutionary-Development Perspective Health to Disease (similar to Differential Ellis and Del Giudice, 2019

Susceptibility and Adaptive Calibration)

23  Evolutionary Hypothesis® Oxidative stress/aging Haussmann and Mauck, 2007

24 Evolutionary Hypothesis® Conserved response to stress in hemocytes Ottaviani, et al., 1993

25  GABA Disinhibition Hypothesis Mechanism for stress-induced analgesia Lau and Vaughan, 2014

26  Habituation Hypothesis Factors influencing stress reactivity Kant et al., 1985; Patel and Hillard, 2008; Romero and
Wingfield, 2015

27  Hedonia Hypothesis Reward; Addiction Berridge, 2007

28  Hervey’s Hypothesis (Ponderostat Hypothesis) HPA control of body weight Cabanac and Richard,1996

29  Immunoredistribution Hypothesis Immune Dhabhar et al., 1995

30 Immunopathology-avoidance Hypothesis Immune Bourgeon et al., 2009

31 Incentive Salience Hypothesis of Reward Reward; Addiction Berridge, 2007

32 Insect Performance Hypothesis Plants; Predation Stress Larsson, 1989

33  Kindling or Behavioral Sensitization Hypothesis Factors influencing stress reactivity Post, 1992; Breese et al., 2005; Monroe and Harkness, 2005

34  Koritz-Hall Hypothesis ACTH release Koritz and Hall, 1964; Urquhart et al., 1968

35 Inflammatory Hypothesis Model of Depression Health to Disease; Mental Health; Immune Gardner and Boles, 2011

36 Interleukin Hypothesis of Major Depression Immune Maes, 1995

37  Lee-Boot Effect GCs as mediators Ma et al., 1998

38 Marginal Value Theorem Predation stress and feeding Pyke et al., 1977

39 Maternal Capital (Maternal Buffering) Hypothesis Development; Environmental Match Groothuis and Taborsky, 2015

40  Membrane Stress Syndrome Lupus Ames, 1994

41  Metabolic Hypothesis For psychological disorders with low cortisol Yehuda and Seckl, 2011

42 Microbiota-Inflammasome Hypothesis of Major Health to Disease; Mental Health; Immune Inserra et al., 2018

Depressive Disorder

43  Mitochondrial Allostatic Load Hypothesis Oxidative stress Picard et al., 2014

44  Mitochondrial Psychiatry Model of Depression Health to Disease; Mental Health Gardner and Boles, 2011

45  Mitochondrial Stress Hypothesis Oxidative stress Stier et al., 2013

46  MONA-LISA hypothesis Obesity; Health to Disease Bray, 1991

47  Multi-predator Hypothesis Predation stress Blumstein et al., 2004

48  Monoamine Hypothesis of Depression Mental health; Health to Disease Schildkraut, 1965; Hirschfeld, 2000

49  Neurodegeneration and the Accelerated-Aging Mental Health; PTSD; Oxidative stress Miller and Sadeh, 2014

Hypothesis

50 Neurodegeneration Hypothesis of Depression Health to Disease; Immune Myint and Kim, 2003

51 Neuroimmune Network Hypothesis Health to Disease; Immune Nusslock and Miller, 2016

52  Over Excitation Hypothesis Immune Adamo, 2008

53  Oxidative Shielding Hypothesis Oxidative stress Viblanc et al., 2018

54  Oxidation Handicap Hypothesis Oxidative stress Alonso-Alvarez et al., 2006

55  Oxidative Stress Hypothesis Oxidative stress; Alzheimer's Disease Markesbery, 1997

56  Oxidative Stress Hypothesis of Life History Oxidative stress Costantini, 2019

57  Physiological Toughness Theory Performance; Temperament Dienstbier, 1989

58  Police Stress Hypothesis Stress of law enforcement jobs Malloy and Mays, 1984

59  Predator Recognition Continuum Hypothesis Predator stress Ferrari et al., 2008

60  Psychosomatic Hypothesis Anger; Health to Disease Smith, 1992

61  Redox Signaling Hypothesis of Life History Oxidative stress Costantini, 2019

62  Redox Stress Hypothesis of Aging Oxidative stress Sohal and Orr, 2012

63  Resilience Hypothesis PTSD; Health to Disease Flach, 1990

64  Resource Crunch Hypothesis Immune Adamo, 2008

65  Resource-limitation hypothesis Immune Bourgeon et al., 2009

66  Retrieval Hypothesis ACTH on memory Van Riezen et al., 1977

67  Reward Learning Hypothesis Reward; Addiction Berridge, 2007

68  S-Process Hypothesis Sleep; Depression Ehlers and Kupfer, 1987
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Table 2 (continued)

General and Comparative Endocrinology 288 (2020) 113355

# Name Topic/Notes

Source(s)

69
70

Selection Hypothesis
Sensation-Seeking Hypothesis

Oxidative stress/aging

71  Sensitized-Specialization Hypothesis Development; Memory

72  Serotonin Hypothesis of Depression Health to Disease; Mental Health

73  Shift and Focus Hypothesis Immune

74  Sit and Wait Hypothesis Pathogens; Stress Resistance; Virulence
75  Somatic Marker Hypothesis Decision making; Does not seem well supported
76  Stress Appraisal Theory Stress coping

77  Stress Paradigm Hypothesis Predator-prey relationships

78  Stress-Induced Analgesia Stress and pain phenomenon

79  Stress-Induced Mitochondrial Hyperfusion Mitochondrial stress

80  Stress Sensitization Hypothesis Applied to bipolar disorder

81  Stressor-Disease Specificity Hypothesis Health to Disease

82  Vicious Cycle Hypothesis Oxidative stress

83  Winter Inmunoenhancement Hypothesis Immune

Health to Disease; Alcohol and Substance Use

Haussmann and Mauck, 2007
Goeders, 2003

Young et al., 2018

Coppen, 1967; Albert et al., 2012
Adamo, 2008

Wang et al., 2017

Dunn et al., 2006

Lazarus and Folkman, 1984
Hawlena and Schmitz, 2010
Amit and Galina, 1986

van der Bliek, 2009

Dienes et al., 2006

Cohen et al., 2019

Frisard and Ravussin, 2006
Nelson and Demas, 1996; Sinclair and Lochmiller, 2000

presented here.

4.2. Development: stress, GC, and developmental framework

The developmental environment from conception to infancy can
have pronounced impacts on offspring phenotype including behavior,
physiology, and susceptibility to disease, and this holds across species
(Gluckman et al., 2007). The role of developmental environment im-
pacts on adult phenotype and disease risk in humans was formalized by
Barker and Osmond (1986) and Hales and colleagues (1991) . Early
work was based on epidemiological data connecting low birth weight to
later cardiovascular, renal, and metabolic diseases. Hales and Barker
coined the Thrifty Phenotype Hypothesis (Hales and Barker, 1992;
2001) to describe their data on early-life conditions and insulin re-
sistance with later development of Type II diabetes mellitus; this has
also been termed fetal stress syndrome ( Lou et al., 1994). The Thrifty
Phenotype Hypothesis posits that when developmental (intrauterine)
conditions are nutrient poor the physiological changes that occur in
response, namely small size and insulin resistance, make an organism
better suited for a poor postnatal environment (i.e., thrifty). This hy-
pothesis slightly contrasted the Thrifty Genotype Hypothesis (Neel,
1962) which suggested that selection favored the acquisition of thrifty
genotypes in humans and these genotypes are no longer advantageous
in environments with abundant nutritional resources (see refinement to
Drifty Gene Hypothesis; Speakman, 2008). Recently, the role of brain
energy usage during childhood in shaping the adiposity reserve and
obesity risk has been proposed to help explain the link between early
life experiences in later (metabolic) disease risk (Kuzawa and Blair,
2019). These hypotheses differ in some aspects, but overall suggest that
an adult organism would do well in environments with limited nu-
trients and would be more susceptible to metabolic disease in nutrient-
rich environments (see Gluckman et al., 2007). This idea forms the basis
of the Match-Mismatch hypotheses which broadly posit that early life
programming is beneficial if the postnatal (nutrient) environment is
similar to that of the developmental environment (see Fig. 2 in
Gluckman et al., 2007).

The term Developmental Origins of Health and Disease (DOHaD),
also known as the Fetal Origins Hypothesis and the Barker Hypothesis,
was created to describe the relationship between adverse influences in
early life and the resulting changes in physiology, structure, behavior,
and/or metabolism that lead to increased disease risk (de Boo and
Harding, 2006). This concept of early life stressors, occurring during a
critical window, relating to later changes in physiology and metabolism
is also known as metabolic priming or metabolic imprinting (Dyer and
Rosenfeld, 2011). Several hypotheses that fall under the broad category
of DOHaD have been proposed (Gluckman et al., 2007). For example,
DOHaD has been conceptualized in the health literature as variations of
the (Environmental) (mis) Match Hypothesis, the Predictive Adaptive
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(or Adaptation) Hypothesis, the Glucocorticoid (overexposure) Hy-
pothesis, the Cumulative Stress Hypothesis, the “hit” hypotheses, and
expansion to the Lifecourse Health Development framework (Halfon
et al., 2014). The environmental match-mismatch/maternal-offspring
match framework has also been extensively applied to ecological stu-
dies (Love et al., 2005, 2013; Breuner, 2008; Crossin et al., 2016;
Groothuis and Taborsky, 2015; Sheriff et al., 2017) and Sheriff and
colleagues have recently proposed using the Error Management Theory
to test some of these ideas (Sheriff et al., 2018).

The mediators signaling quality of the developmental environment
are not entirely known but glucocorticoids and catecholamines can act
as potent signals and these hormones help regulate several aspects of
gestation. For example, in mammals, SNS activity and glucocorticoid
concentrations in the fetus increase in the days prior to delivery, but the
time course and mechanism by which this occurs differs by species
(Fowden et al., 1998; Li et al., 2014; Whirledge and Cidlowski, 2017;
Mulkey et al., 2019). In humans, glucocorticoids prepare the fetus for
birth and for life outside the womb by driving maturation of the lungs,
production of glucose in the liver, and increasing production of thyroid
hormones and catecholamines (Liggins, 1994). These physiological
changes allow the fetus to transition from dependence on the placenta
for oxygen, glucose, and heat (Liggins, 1994). In the developing fetus,
glucocorticoids also shift the process from cell proliferation to cell
differentiation and increase the production of several key enzymes that
will be needed to sustain life outside the womb (Liggins, 1994). Thus,
many of the DOHaD hypotheses make predictions about the way in
early exposure to challenges, and increased glucocorticoids, will alter
phenotype, including adult activity and reactivity of the HPA axis and
glucocorticoid regulatory systems (Glover et al., 2010; Graignic-
Philippe et al., 2014). One mechanism by which early life stress or
nutritional environment (e.g., metabolic imprinting) may alter off-
spring phenotype is via epigenetic regulation (Cutfield et al., 2007;
Waterland and Michels, 2007; Aristizabal et al., 2019). Namely, that
various stressors can activate a similar suite of epigenetic changes
(Mosaic Hypothesis of Epigenetics; Longo and Goyal, 2014) and that
epigenetic modification of the glucocorticoid receptor and other effec-
tors (and their bidirectional interactions) is important for organismal
response to challenging environments (Bartlett et al., 2019).

Additionally, the concept and evolution of sensitive periods, or
times in which developmental trajectories are (more) vulnerable to
perturbation or programming, is important (see Frankenhuis and
Walasek, 2019). The idea of early (organizational) and later (activa-
tional) glucocorticoid effects is similar to the organizational-activa-
tional hypothesis (Phoenix et al., 1959; Arnold, 2009) which described
the role of sex steroids, mainly androgens, in prenatal brain masculi-
nization (organization) and future (e.g., after puberty) behavior (acti-
vation of masculinized neural pathways) in rodents. This organiza-
tional-activational concept has been expanded to other species and to
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other steroid hormones including the glucocorticoids (McEwen, 1991;
Schoech et al., 2009), and adds complexity to determining sensitive
periods. Thus, the period in the developmental environment at which
signals/stressors occur (e.g., prior to conception, after conception,
postnatally, etc.) and the timing/pattern of glucocorticoid release are
likely important for programming an individual, but the critical periods
and mechanisms are not entirely clear. Moreover, these specifics likely
differ by species, physiological systems, and intrinsic factors (Schoech
et al,, 2011; Hau et al., 2016; Novais et al., 2017; Whirledge and
Cidlowski, 2017), and, epigenetic regulation (Champagne, 2019), spe-
cific gene X environment interactions (e.g., with single nucleotide
polymorphisms; Zannas and Binder, 2014; Gluckman et al., 2007;
Noguera and Velando, 2019), maternal investment (Nesan and Vijayan,
2013), (allo)parental factors (Curry, 2019), and interactions with other
hormonal systems seem to play a role (Fowden et al., 2016). Many of
the hypotheses included make predictions about the mechanism and/or
time course for how developmental environment can impact adult
phenotype.

Out of the 131 hypotheses included here, a total of 29 make pre-
dictions that broadly involve development. Note this number is six
higher than that listed on Fig. 1 as it includes six items from the stage
spanning or models section that have strong ties to development
(Adaptive Tuning Model; Adaptive Calibration Model; Biological Sen-
sitivity to Context; Developmental Origins of Health and Disease; In-
oculation Stress; and Lifecourse Health Development Model). I chose to
classify development hypotheses into one of six themes: 1) Elevated
stress/GCs is bad for offspring development and/or survival (9 hy-
potheses: Attenuation Hypothesis; Compensation Hypothesis; Cortisol
Buffering Hypothesis; Cumulative Stress Hypothesis; Developmental
Hypothesis; Glucocorticoid (Overexposure) Hypothesis; Maternal/Off-
spring Match Hypothesis; Silver Spoon Hypothesis; Stress Hypor-
esponsiveness Period!), 2) Increased stress/GCs during development
can help program honest signals of fitness (2 hypotheses: Develop-
mental Stress Hypothesis; Nutritional Stress Hypothesis), 3) Develop-
mental stress/GC exposure shapes the offspring phenotype for survival
in the current environment (9 hypotheses: Adaptive Calibration Model;
Developmental Origins of Health and Disease; Lifecourse Health De-
velopment Model; Match-Mismatch Hypothesis (of Disease)?; Maternal
Mediation Hypothesis’; Maternal-Match Hypothesis; Mismatch Hy-
pothesis; Mosaic Hypothesis of Epigenetics; Stress Acceleration Hy-
pothesis), 4) Increased or decreased stress/GCs during development is
problematic (inverted U relationship; 3 hypotheses: Biological Sensi-
tivity to Context Model; Conditioning Hormesis Hypothesis; Inoculation
Stress Model), 5) Increased stress/GCs during development interact
with genes to influence adult phenotype (interaction effects; 4 hy-
potheses: Double-hit or Two(2)-hit Hypothesis; Maternal Mediation
Hypothesis?; Stress-coping (mis) Match Hypothesis); Three(3)-hit
Model), and 6) (moderately) Increased stress/GCs during development
is helpful (2 hypotheses: Adaptive Tuning Model; Everyday Stress Re-
silience Hypothesis). Supplemental Fig. 2 shows a themed arrangement
of the hypotheses. Please note, these hypotheses could likely be ar-
ranged in a variety of ways besides the way in which they are presented
here.

4.3. Stress coping, interindividual variation, (Animal) personalities, and
resilience

Interindividual variation in behavior and (stress) physiology is well
documented in multiple species. Differences in behavior, physiology,
and stress coping are important for biomedicine and for ecology/evo-
lution studies (Korte et al., 2005; Williams, 2008; Carere et al., 2010;
Stamps and Biro, 2016; Zankert et al., 2019). For example, one goal of
biomedical stress research is to determine why certain individuals are
resistant to stress or show resilience following stressors whereas other
individuals are susceptible and transition from a state of health to one
of disease (Radley et al., 2011; Fink, 2016b; Carcone and Ruocco, 2017;
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Perneczky et al., 2019). Additionally, while Selye took a physiological
and psychobiological approach to stress, in the 1960s, Richard Lazarus
thought of stress as “hardship or adversity” and pushed a psychological
approach to stress theory, which emphasized the roles of appraisal
(evaluation of the event) and coping (individual efforts to manage
event) in dealing with stressors (Lazarus, 1993; Krohne, 2002; Biggs
et al.,, 2017). Thus, from a psychological viewpoint, understanding
stress coping is a critical component for stress research.

Behavioral differences are often stable and coupled with physiolo-
gical responses, creating what has been termed animal personalities,
also called behavioral syndromes, coping style, predispositions, or
temperaments (Carere and Maestripieri, 2013). The classifications of
animal personalities has developed to include several behavior- (stress)
physiology connections. Initially, Cannon first described the connection
between sympathetic activity and behavior (fight or flight or active
coping; Cannon, 1915). Later, consistent physiological differences
among mice engaging in social conflict were noticed, with winners
showing higher sympathetic activity and losers showing higher HPA
activity (Henry and Stephens, 1977). The loser/subordinate animals
with high HPA axis activity showed the behavioral withdrawal-con-
servation response (Engle and Schmale, 1972). Around this same time,
game theory or the Hawk-Dove framework was introduced to explain
the maintenance of rare behavioral variants in frequency-dependent
selection (Maynard Smith and Price, 1973). Koolhaas and colleagues
compiled multiple studies and classified animals as having either a
proactive strategy or a reactive strategy for stress coping (Koolhaas
et al.,, 1999). Physiologically, a proactive strategy is generally asso-
ciated with low HPA activity and reactivity, low parasympathetic re-
activity, and high sympathetic reactivity and high testosterone activity;
the reactive strategy shows the opposite pattern. This personality ter-
minology has expanded and animals are typically classified as shy/
slow/passive/reactive or bold/fast/active/proactive in their stress-
coping responses (Cockrem, 2007). Personalities are often used to de-
scribe risk-taking/aversion and SNS and HPA axis dynamics (baseline,
stress response, negative feedback, and axis sensitivity; Baugh et al.,
2017). Korte and colleagues (Korte et al., 2005) use the Maynard Smith
terms of Hawk and Dove for broader descriptions of overall survival
strategies, with personality, behavioral, and physiological responses
nested within the Hawk or Dove classification. These Hawk/Dove or
Proactive/Reactive personality types are reminiscent of the (now see-
mingly unsupported) Type A and Type B personalities of early biome-
dical studies which were first described by Friedman and Rosenman in
connection to cardiovascular disease (Rosenman and Friedman, 1981;
also see Sher, 2005). Many (behavioral) endocrinology papers discuss
animals at opposite ends of a spectrum (e.g., shy or bold), as lab-based
selection experiments can drive extremes, but in the wild it is important
to note that behavioral and physiological responses are shown across a
spectrum.

Animal personalities have been used to describe consistent and
linked responses between hormones and behavior. The ultimate and
proximate drivers of persistent differences in behavior and stress phy-
siology phenotypes are not entirely clear, but possible ultimate ex-
planations include lack of fitness consequences of behavior (not likely),
fluctuations in selection pressure, state-dependent behavior (pheno-
typic plasticity), and/or frequency-depend selection (Carere et al.,
2010). When asking how proximate mechanisms might connect stress
physiology and behavior, it is not clear if stress physiology directly
determines behavior, if additional factors jointly impact stress phy-
siology and behavior (and thus drive correlational selection pressure),
or if behavior directly determines stress physiology (Carere et al., 2010;
Wolf et al., 2013). It is likely that these three scenarios are not mutually
exclusive and that the specific behavior and species under investigation
matters. Difference in animal personalities and stress coping are likely
at least partially heritable as selection studies can produce lines that
differ in behavioral and physiological response (Marin and Satterlee,
2003; Gulevich et al., 2004; Steimer and Driscoll, 2005; Evans et al.,
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2006; Malisch et al., 2009). Additionally, gene X environment inter-
actions are important and several lines of evidence show that early life
programming (see Section 4.2; Liu et al., 1997; Sapolsky, 2004) can
alter long-term changes in stress coping. Regardless of the mechanism,
or whether the term personality is used, multiple studies have found
that interindividual variation in stress coping (i.e., the behavioral and
physiological responses to stressors) is likely an important driver for
survival and for selection (Wingfield and Romero, 2010; Carere et al.,
2010; Romero and Wingfield, 2015; Sih et al., 2015). But, it is im-
portant to note that animals and humans can habituate to stressors and
therefore behavioral and physiological responses to the same stressor
may change over time (see Romero and Wingfield, 2015), however the
process of how rapidly or successfully animals habituation may be
linked to personality.

Variability in stress coping is likely related to fitness and may be a
way that natural selection maintains populations with heterogenous
physiological and behavioral responses to stressors (Korte et al., 2005;
Wingfield and Romero, 2010; but also see Stamps and Biro, 2016), and
thus this variation may be especially important for maintaining popu-
lations in changing environments and for allowing organisms to spread
to new habitats (Angelier and Wingfield, 2013). For example, dispersal
differs with personality and this is likely mediated, at least in part, by
differences in the HPA axis (Cote et al., 2010). Additionally, the like-
lihood to try novel food sources and to inhabit urban environments may
be related to personality (Bokony et al., 2012) and HPA axis function
(Prasher et al., 2019). And, in some populations, birds living in more
urbanized locations have decrease HPA axis reactivity and are bolder
and more risky than birds in less urbanized areas, but more studies are
needed (Bonier, 2012).

The ecology of fear framework posits that animals are almost con-
tinually under psychosocial stress due the presence of predators
(Clinchy et al 2011, 2013; Preisser et al., 2005). For example, Suraci
and colleagues have shown that auditory predator cues (dog; sea lion;
human voices) are enough to induce behavioral and physiological
changes across the ecological landscape (Suraci et al., 2016; 2019).
Predators or predator cues tend to increase HPA/I axis activity, but this
is not a universal phenomenon (see discussion in Harris and Carr,
2016), organisms can habituate to predators (or predator cues), and
interindividual variation still persists. The need for different stress
coping strategies also helps to explain why determining what is a
“good” response to stress proves so difficult (Breuner et al., 2008;
Dhabhar, 2018; Vitousek et al., 2018; Zimmer et al., 2019) as what is
good likely depends on multiple organismal and environmental factors
(Patterson et al., 2014; Romero and Wingfield, 2015; Schoenle et al.,
2019).

Various hypotheses included in Table 1 make predictions about the
mechanisms by which interindividual variation in stress physiology and
behavior (coping) arises, the proximate mechanisms driving stress
coping differences, and the predicted adaptive benefit of successful
stress coping (resilience). There are likely several mechanisms that in-
fluence resilience and susceptibility (Herman et al., 2011; Southwick
and Charney, 2012), including early life experiences (Schmidt, 2010;
Glover, 2011), underlying genetic differences/polymorphisms (Puglisi-
Allegra and Andolina, 2015), gene X environment interactions and
epigenetics (Harris and Seckl, 2011; Touma et al., 2011; Cavalli and
Heard, 2019; Dunn et al., 2019), (social) environment and support
(Seeman and McEwen, 1996; Ozbay et al., 2007), and interactions with
microorganisms (Smith et al., 2019).

Many of the hypotheses that are included in this paper are attempts
to understand the complex and intertwined phenomena listed above.
Out of the 131 hypotheses included here, a total of 26 make predictions
that broadly involve stress coping, variability, and resilience. Note this
is eight higher than the number listed on Fig. 1 as it includes items from
the stage spanning or models section that have strong ties to stress
coping (Adaptive Calibration Model; Adaptive Tuning Model; Beha-
vioral Resiliency Hypothesis; Biological Sensitivity to Context Model;
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Cort-Activity Hypothesis; Hawk-Dove Model; Inoculation Stress Model;
and Pace-of-Life Syndrome). I chose to organize the stress coping hy-
potheses into one of six themes: 1) Early-life experiences and stressors/
GCs shape future stress coping (8 hypotheses: Adaptive Calibration
Model; Adaptive Tuning Model; Biological Sensitivity to Context Model;
Everyday Stress Resilience Hypothesis; Inoculation Stress Model; Pre-
dictive Adaptation Hypothesis; Stress Acceleration Hypothesis; Stress-
coping (mis)Match Hypothesis), 2) Individual appraisal of events is
important for determining level of stress and coping (5 hypotheses:
Goodness-of-Fit Hypothesis; Main-Effects Hypothesis; Matching Hy-
pothesis; Neurocognitive Hypothesis; Stress Generation Hypothesis), 3)
Ineffective or prolonged stress coping can lead to disease (5 hypotheses:
Coping Hypothesis of Aging; Cort-Activity Hypothesis; (MR/GR) Bal-
ance Hypothesis; John Henryism Hypothesis; (stress) Buffering Hy-
pothesis), 4) Evolutionary pressure drives differences in copying style
(4 hypotheses: Behavioral Resiliency Hypothesis; Hawk-Dove Model;
Pace-of-Life Syndrome Hypothesis; Tend and Befriend Hypothesis), 5)
Substance use stems (partially) from need to cope with stress (3 hy-
potheses: Alcohol Stress Response Dampening Hypothesis; Self-Medi-
cation Hypothesis; Tension-Reduction Hypothesis of Alcoholism), and
6) Stress coping behavior cannot override impacts of physiological
stress response (1 hypothesis; Reactivity Hypothesis). Supplemental
Fig. 3 shows a themed arrangement of the hypotheses. Please note,
these hypotheses could likely be arranged in a variety of ways besides
the way in which they are presented here.

4.4. Health to disease: stress, GCs, and the health to disease transition

Stress and glucocorticoids play important roles in homeostatic (al-
lostatic) regulation and coordination of many behavioral and physio-
logical processes (see Section 2). Given this, it is not surprising that
stress and glucocorticoids are entwined with transitions from health to
disease. Many diseases and psychopathologies, including post-trau-
matic stress disorder (PTSD), anxiety disorders, depression, obesity,
diabetes, cardiovascular disease, Alzheimer’s Disease, Parkinson’s Dis-
ease, alcoholism and other addictions [e.g., opiates, cocaine], and
eating disorders are associated with dysregulation of the HPA axis (and
other stress mediators), and stress can often precipitate or exacerbate
symptoms, hasten recovery, or increase likelihood of relapse (Steptoe,
1991; McEwen, 1998a, 2000; Esch et al., 2002; Brown et al., 2006;
Sauro et al., 2008; Herman, 2012; Talley et al., under review). It is not
always clear if dysregulation is a cause or consequence of disease, but
several studies have shown that exposure to stressors results in changes
to stress mediators (including the glucocorticoids) which drive changes
in health, providing a way in which stress “gets under the skin”
(Seeman et al., 1997; Hyman, 2009; McEwen, 2012). However, the
exact mechanisms by which dysregulation occurs are not entirely
known (and likely differ by disease type and organism sex) but it seems
likely that the CRF system, including hypothalamic and supra-hy-
pothalamic signaling, and MR and GR dynamics are important
(Nemeroff, 1996; Korte, 2001; Sanders and Nemeroff, 2016). As are
multiple other factors (Lupien et al., 2009), including early life ex-
periences (Herman et al., 2011; Nunez-Estevez et al., 2019), underlying
genetic differences/polymorphisms (Binder and Nemeroff, 2010; Harris
etal., 2019), gene x environment interactions and epigenetics (Zannas
and Binder, 2014; Provencal et al., 2019), stigma and life experiences
(Harnett et al., 2019), sex (Bangasser et al., 2010; Hodes and Epperson,
2019; Kokras et al., 2019; Slavich and Sacher, 2019), and interactions
with microorganisms (Christian et al., 2006; Moloney et al., 2014;
Leclercq et al., 2016; Morris and Ridlon, 2017). Additionally, in the
biomedical area, it is not clear if all phenotypes that are currently
classified as diseases or disorders are “unnatural” or purely patholo-
gical, or if they arise due to tradeoffs or due to some advantage of the
state (Allen and Badcock, 2006; Nesse and Ellsworth, 2009; Clinchy
et al., 2011; 2013; Varga, 2012; Diamond and Zoladz, 2016; Gibbons,
2018; Holmes and Patrick, 2018; Kozubek, 2018; Lemaitre et al., 2019;
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White, 2019). It is possible that stress- and/or glucocorticoid-induced
changes operate within a tradeoff or across a spectrum and that what
appear as negative outcomes (diseases) at one point in life might be due
to benefits (tradeoffs) or programming determined by another point in
life.

Many of the hypotheses related to the transition from health to
disease focus on the role of developmental environment (see Section 4.2
for framework; e.g., match-mismatch hypotheses; the “hit” hypotheses;
Stress Acceleration Hypothesis), stress coping (see Section 4.3 for fra-
mework; e.g., Burn-Out Hypothesis; Coping Hypothesis of Aging; Self-
Medication Hypothesis; Tension-Reduction Hypothesis), or interactions
among neurotransmitters systems (e.g., CRF Hypothesis of Depression;
CRF-HPA Dysregulation Hypothesis; Endocannabinoid Deficiency Hy-
pothesis of PTSD). Out of the 131 hypotheses included here, a total of
41 make predictions that broadly involve the transition from health to
disease. Note this is three higher than the number listed on Fig. 1 as it
includes three items from the stage spanning or models section that
have strong ties to health and disease (Allostatic Load; Developmental
Origins of Health, and Disease and Lifecourse Health Development
Model). I chose to classify health to disease hypotheses into one of six
themes: 1) Altered HPA axis feedback and/or receptor function leads to
disease (6 hypotheses: Corticosteroid Receptor Hypothesis of Depres-
sion; CRF Hypothesis of Depression; CRF-HPA Dysregulation Hypoth-
esis; Glucocorticoid Cascade Hypothesis; (MR/GR) Balance Hypothesis;
Stress Generation Hypothesis), 2) Alterations in neurotransmitters or
neurons related to the stress response leads to disease (6 hypotheses:
Glutamate Hypothesis of Depression; Deakin/Graeff Hypothesis; En-
docannabinoid Deficiency Hypothesis of PTSD; Glucocorticoid Vulner-
ability Hypothesis; Neurogenesis Hypothesis; Neuroplasticity Hypoth-
esis of Chronic Stress), 3) Inadequate or altered physiological or
behavioral stress coping leads to disease (12 hypotheses: Allostatic Load
Model; Alcohol Stress Response Dampening Hypothesis; Burn-Out Hy-
pothesis; Diathesis Stress Hypothesis; Differential Susceptibility Hy-
pothesis; Coping Hypothesis of Aging; John Henryism Hypothesis;
Neurocognitive Hypothesis; Reactivity Hypothesis; Perseverative Cog-
nition Hypothesis; Self-Medication Hypothesis; Tension-Reduction Hy-
pothesis), 4) Developmental Stress/GC Exposure Influences Disease
Susceptibility (9 hypotheses: Attenuation Hypothesis; Cumulative
Stress Hypothesis; Developmental Origins of Health and Disease; Life-
course Health Development Model; Match-Mismatch Hypothesis of
Disease?, Mismatch Hypothesis; Mosaic Hypothesis of Epigenetics;
Predictive Adaptation Hypothesis; Stress Acceleration Hypothesis), 5)
Increased stress/GCs during development interact with genes to influ-
ence disease susceptibility (5 hypotheses: Double-Hit or Two(2)-Hit
Hypothesis; Three(3)-Hit Hypothesis; Stress-coping (mis)Match Hy-
pothesis; Maternal Mediation Hypothesis?; Stress-Vulnerability Hy-
pothesis), and 6) Interaction between stress/GCs and microbiota in-
fluence disease susceptibility (3 hypotheses: GALF Hypothesis; Anna
Karenina Hypothesis; Leaky Gut Hypothesis). Supplemental Fig. 4
shows a themed arrangement of the hypotheses. Please note, these
hypotheses could likely be arranged in a variety of ways besides the
way in which they are presented here.

4.5. Stage-spanning hypotheses and models

A total of 37 hypotheses were classified as stage-spanning or were
listed as models. These hypotheses or models describe how stress and
glucocorticoids impact many aspects of an organism throughout the
lifespan, or provide relationships that should hold across many life
history stages. One exception to this framework is the Migration
Modulation Hypothesis — this hypothesis is specific to the transition to
the migratory state but was included in this section due to lack of clear
fit in other categories. Please note that many of the models provide a
way to organize results, provide context to results, and allow the gen-
eration of new hypotheses, and are thus more encompassing than si-
tuation-specific hypotheses. Given that by definition these stage-
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spanning hypotheses or models should hold in multiple scenarios, they
were not cross listed in any other category in Fig. 1, nor were they
organized into themes. For more information on each model or stage-
spanning hypothesis, please see Table 1 and the corresponding cita-
tions. Please also see Supplemental Table 1 for comparison of stage
spanning hypotheses and models.

5. Importance and implications for clear hypothesis statement
and testing

Hypothesis formulation and testing provides the foundation of em-
pirical scientific research (see Huberty, 1993). Although the way in
which hypotheses are handled statistically in ecology and evolution has
been discussed (see Johnson and Omland, 2004), support of their utility
to address and understand scientific phenomena is nearly universally
accepted. However, one area that has recently drawn discussion and
criticism is the repeatability of hypothesized results. Over the past
5-10 years, the “reproducibility crisis” has been sweeping through the
literature with the field of psychological science currently receiving the
most press coverage of the topic (Open Science Collaboration, 2015),
however this is not the only field in which this problem has been noted
(Kelly, 2006; Ellison, 2010; Freedman et al., 2015; Nakagawa and
Parker, 2015; Nichols et al., 2019). The psychological sciences example
that has drawn much scrutiny suggests that only 39% of 100 big ex-
perimental findings could be replicated when repeated by another
group (see Baker, 2015a [in other fields it is often estimated that only
40-50% of results are reproducible; Freedman et al., 2015; Munafo and
Smith, 2018]). The severity of this “crisis” and the validity of the
methods used to reproduce the research in the psychological sciences
have been questioned (see Gilbert et al., 2016; Fidler et al., 2017), but
the situation does highlight several important points that can be used
across fields to strengthen research and reporting practices. These
concerns have also increased momentum in the movement to make
science more transparent and open. At the center of the open science
discussion is preregistered studies — a practice in which, prior to starting
a study, authors register their hypotheses, experimental design, and
data analysis plan (for discussion see Bowman and Keene, 2018). In
2018 the first registry for preclinical animal studies was launched (see
Baker, 2019) with the aim to reduce bias and increase reproducibility.
Preregistration is not limited to just human or clinical trial studies, but
can be done for any study as preregistration can increase transparency
of the experiment, reduce temptation to search for and only publish
significant findings, and to reduce irreproducibility.

Preregistration can also reduce the occurrence of HARKing (hy-
pothesizing after results are known), which is another driver of irre-
producibility along with publication bias, low statistical power, con-
firmation bias, and P-value hacking (Parker et al., 2016; Bishop, 2019).
HARKing occurs when a post hoc explanation of the data is presented as
an a priori prediction (see Parker et al., 2016), and can be problematic
because this practice often allows researcher to present only the ana-
lyses that were supported. Additionally, this practice can weaken the
strength of support for the hypothesis as it makes the outcome de-
scriptive instead of prescriptive (Lipton, 2005). As authors, we as (be-
havioral; comparative) endocrinologists, stress physiologists, psychol-
ogists, behavioral ecologists, and physiological ecologists, should make
it a goal to explicitly state, up front, which stress-related hypothesis we
are testing and why it is a good fit for our study. In the discussion
sections of our papers we can determine if our data support or reject the
hypothesis, and can then highlight if another hypothesis did a better job
of explaining results. If the latter is the case, we should then repeat the
experiment with our new hypothesis. As a minimum practice, we
should strive to make a priori predictions instead of matching a hy-
pothesis to the results that have been collected. I would argue that
given the sheer number of available, named hypotheses, a priori de-
termination of hypotheses is especially important for stress studies, as
this abundance of hypotheses can facilitate HARKing. Additionally, we



B.N. Harris

can report effect sizes with our statistics, for both significant and non-
significant findings, to aid in later meta analytical probing of these
hypotheses (Fritz et al., 2012; Open Science Collaboration, 2015).
Lastly, we can also preregister our studies, animal and human. As re-
viewers and editors, we can recommend authors include their a prior
hypotheses, effect sizes for statistical results — significant or not, and
can support publication of rigorously determined null findings and re-
plication studies (see Goodman et al., 2016); this practice can be
especially important in big-name journals (see Arceneaux et al., 2019).
In addition to the reduction of HARKing, explicitly naming tested
hypotheses, and doing so with consistent terminology, would aid in
comparison of results across studies and across species, thus leading to
better harmonization and better interpretation of comparative data.
The field of stress research has an abundance of hypotheses, some of
which have only been tested a few times. The creation of multiple new
hypotheses can fracture our knowledge instead of bringing big ideas
together. Before we, collectively, develop new hypotheses, we should
work to fully test the models and hypotheses that currently exist in the
literature. This review is an attempt to bring those hypotheses together
for this purpose. The process of data harmonization or consolidation is
apparent in multiple areas of research. For example, the National
Institutes of Mental Health (NIMH) is pushing for the use of the
Research Domain Criteria (RDoC) to develop a bio-marker-driven fra-
mework for explanation, diagnosis, and etiology of psychopathology
(Cuthbert and Insel, 2013; Cuthbert, 2014), as current diagnostic cri-
teria are heterogenous (Allsopp et al., 2019). Additionally, NIMH has
highlighted the need for clear definitions of stress in grant applications
and publications, and has called for increased rigor and reproducibility
in studies focusing on stress biology (National Institute of Mental
Health, NOT-MH-18-058). And in epidemiological and behavioral stu-
dies, the National Institutes of Drug Abuse’s data-harmonization efforts
aim “to promote common measures that can be used by researchers
across studies within and across particular research fields. By using
common measures, researchers can more easily compare and combine
datasets to detect more subtle and complex associations among vari-
ables, thereby promoting greater collaboration, efficiency, and return
on investment (National Institute of Drug Abuse, 2014).” Lastly, the
National Science Foundation is pushing for collaborative, inter-
disciplinary and transformative ideas that span fields, one way in which
to better integrate fields is to use the same terminology when con-
ducting cross-disciplinary studies, especially when fields have hy-
potheses that make the same predictions by go by different names.

6. Practical concerns and caveats
6.1. Testing hypotheses: models and predictions

Many of the hypotheses included in this review were generated
using the same general framework and many are not mutually ex-
clusive, thus making it difficult to fully separate the predictions that
would support each one. But, for all experiments, it is important to
distinguish the hypothesis from the predictions that would support that
hypothesis. It may be helpful to use a single experiment or dataset to
test multiple hypotheses, but care should be taken so that data reported
are valid and accurate (see Anderson and Burnham, 2002). For ex-
ample, authors should aim to avoid “salami slicing” — or splitting an
experiment into multiple publications that have more or less the same
hypotheses, same participants/animals, and same methods — as this can
lead to confusion and incorrect assumptions about hypotheses when it
is unclear that conclusions are being drawn from the same sample of
animals or participants (Jackson et al., 2014; Elsevier FactsSheet:
Salami Slicing). Comparing multiple statistical models, instead of a
single hypothesis/null hypothesis is becoming increasingly common in
behavioral ecology (Dochtermann and Jenkins, 2011). However, in
some instances, making careful, mutually exclusive predictions that
pertain to different related hypotheses can be incredibly insightful
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(Jenkins et al., 1995).

No matter the method chosen (e.g., traditional null hypothesis
testing, model selection procedures), hypotheses and their corre-
sponding predictions should be made a prior as doing so provides more
rigorous results (Lipton, 2005; Anderson and Burnham, 2002). This is
not to say that data-driven approaches are never useful, as observa-
tional, correlational, and post hoc exploratory data analysis can cer-
tainly be insightful and can aid in the generation of new hypotheses
(Anderson and Burnham, 2002; Kell and Oliver, 2004; Dochtermann
and Jenkins, 2011), but it should be distinct from data-fishing, p-
hacking, or data-dredging (Gelman and Loken, 2013; Jebb et al., 2017).
And, this practice should always be explicitly stated in publications and
is not a substitution for a priori predictions, as confusing post hoc data
exploration with hypothesis support (HARKing) can undermine general
conclusions and applications (Bosco et al., 2016).

6.2. Testing hypotheses: what to measure

All of the hypotheses included in this review are relevant to stress
and therefore make some assertion about the role stress plays in orga-
nismal function. However, given the broad applicability of the word
“stress” and the lack of a standardized definition (see Section 1), it is
imperative that dependent variables used in studies to test these hy-
potheses are carefully chosen and are biologically relevant. The ma-
jority of hypotheses listed do make some prediction about glucocorti-
coids, the HPA axis, and/or the SNS, but when testing hypotheses, it
should be clear whether the hypothesis makes predictions about stress,
or specifically about glucocorticoids, as they are not the same thing
(MacDougall-Shackleton et al., 2019). For example, some hypotheses
make broad predictions about stress in general whereas others make
predictions about glucocorticoids, and some make even more specific
predictions about the dynamics of glucocorticoid receptors in certain
tissues. Complexity in the HPA axis is often simplified so that circu-
lating (e.g., plasma or serum) or excreted (e.g., saliva, urine, feces, hair,
feathers, baleen, scute, housing water [for aquatic animals]) gluco-
corticoids are measured as a marker, or the sole marker, of axis func-
tion. Not as many studies use SNS markers, but those that do tend to
measure heart rate, heart rate variability, sweat conductance, pupil
dilation, and salivary alpha amylase as endpoints. Measurement of
glucocorticoids is useful and important, and sometimes field or or-
ganism constraints make getting additional biomarkers difficult, but the
HPA axis is much more than just glucocorticoids.

When testing hypotheses related to stress and/or glucocorticoids,
multiple variables are potentially important (Fig. 2), including: base-
line, circadian levels of corticotropin-releasing factor (CRF), adreno-
corticotropic hormone (ACTH), glucocorticoids, and binding globulins
(e.g., for CRF and GCs); stressor-induced changes in CRF, ACTH, glu-
cocorticoids, binding globulins, and catecholamines, including time
course and level of elevation and time to return to baseline; activity of
glucocorticoid-metabolizing enzyme (e.g., 11beta hydroxysteroid de-
hydrogenase); level and activity of transcription factors (e.g., heat
shock proteins, FKPB5, BAG1, P23); affinity, binding dynamics, and
signaling of CRF, ACTH, glucocorticoids, and catecholamines receptors,
as well as, the presence of single nucleotide polymorphisms and DNA
methylation patterns for all players involved. Additionally, expanding
analysis outside of the paraventricular nucleus and investigating CRF
(or urocortin) and glucocorticoid signaling, and receptor type (e.g.,
CRFR1, CRFR2) and activation, in regions such as the limbic system and
prefrontal cortex would be illuminating. Lastly, adding measures of
pituitary adenylate cyclase-activating polypeptide (PACAP), a highly
conserved peptide known to influence HPA axis and sympathetic ner-
vous system activity in a variety of species would be interesting
(Arimura, 1998; Stroth et al., 2011).

In terms of stressor type, the response to acute vs. chronic stressors,
and for repeated exposures, whether the stressor is homotypic or het-
erotypic matters. Moreover, organismal variables such as age, sex,
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Fig. 2. Schematic highlighting the complexity related to variation in and regulation of the (A, B) autonomic nervous system and (C) HPA axis. HPA axis activity is
most commonly measured as total circulating glucocorticoid levels (either in the serum or plasma) or as excreted glucocorticoid (metabolites; e.g., in the saliva, urine,
feces, or hair). But, regulation of the HPA axis can occur at supra-hypothalamic, sensory locations in the central nervous system (CNS) or from the suprachiasmatic
nucleus (SCN), at the level of the paraventricular nucleus (PVN), or at the adrenal gland itself. Additionally, variability in the production, release, and processing of
corticotropin-releasing factor (CRF) and adrenocorticotropic hormone (ACTH) can have pronounced effects. Glucocorticoids (GCs) can be found bound to peptides
(e.g., corticosterone binding globulin, albumin, sex hormone binding globulin) or as free hormones. Once at a target tissue, GCs can bind either membrane-bound or
intracellular mineralocorticoid (MR) or glucocorticoid (GR) receptors, or they can be converted to an inactive form by enzymes. Membrane-bound receptors in-
itiation secondary messenger cascades, and intracellular receptors interact with other like (homo-) or different (hetero-dimers) hormone-receptor complexes, and
these then interact with transcription factors to regulate gene transcription. At each of these levels, documented variation that influences axis activity and the impact
of GCs has been described. Lastly, additional variables (D) play a role in physiological response to challenges.

season, reproductive history, satiety state, housing status (including behavioral data should be given serious consideration (e.g., for bio-
cage mates and access to toys or exercise), coping skills, and phylogeny markers, are predictions relevant to peak output? time course of ele-
can influence SNS and HPA axis measures and should be carefully vation? changes in baseline levels after stressor cessation? time course
considered in experimental design. Care should be taken to determine if to return to baseline? etc.; should behavioral changes occur rapidly or
a hypothesis makes prediction about baseline or post-stressor hormone after a period of time? Are behavioral changes likely driven by gluco-
levels, and in cases where predictions pertain to post-stressor-exposure corticoids, acting at either intracellular or membrane-bound receptors,
levels, then it is important to determine if using an acute stressor or a or by other stress mediators? What is the suspected time course needed
chronic stressor paradigm is more relevant. If a chronic stressor appli- for that mediator to alter behavior?).

cation will be used, what paradigm is best (e.g., mild stress, repeated Lastly, the biological significance of the chosen variable for the
restraint, a variable stress paradigm)? And, will habituation be an hypothesis being tested is critical. For example, in the species of in-
issue? Additionally, determination of the time course from on-set of terest, is the variable being measured an honest marker? Is it a direct or
stressor or stressor paradigm to collection of biomarker samples and proxy measure? And if a proxy is chosen, is it accurate? (see Bonier
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et al., 2008 for discussion of fitness proxies). If measuring energy status
is part of tradeoff studies, is the estimate of energy status useful, valid,
and reliable? Additionally, when measuring glucocorticoids, it is im-
portant to determine what sample type is needed. For example, is an
acute physiological response predicted? If so, blood or saliva would be
good options, feces and urine might work, depending on the species and
time course. Is a chronic or seasonal effect predicted? In that case, using
fur, feathers, baleen, scutes, or feces might be a viable choice. But, it
would not make sense, for example, to measure feather or fur gluco-
corticoids in response to an acute challenge as the short-term increase
in hormones would be masked by circadian and seasonal changes
captures in those sample types. Is repeated sampling needed? If so, can
more than one sample be reliably collected (e.g., can the needed vo-
lume of blood be collected within a given timeframe?) or is the col-
lection method terminal (e.g., whole-body glucocorticoids)? If repeated
sampling is conducted, has enough time elapsed so that the disturbance
induced by collection time 1 will not impact collection time 2? If re-
peatability is important in the prediction, are hormone levels of interest
repeatable? Are they heritable? (see Bonier et al., 2009b for discussion).
Repeatability and heritability of baseline and post-stressor levels of
glucocorticoids has been investigated, but dynamics likely differ across
species (Federenko et al., 2004; Hau et al., 2016; Taff et al., 2018;
Beziers et al., 2019). When analyzing data, is mean population level the
target? Or is considering individual variation important for the question
at hand? (see Williams, 2008; Hau et al., 2016).

Glucocorticoids are the most prominent stress mediators reported in
stress biology studies, but using markers other than the glucocorticoids
is important. For example, Breuner and colleagues (2013), argue that
just using total glucocorticoid concentration is not good enough for
chronic stress studies, and they recommend including corticosteroid-
binding globulin, glucose, free fatty acids, hematocrit, reproductive
hormones, immunosuppression, oxidative stress, telomere length, acute
phase proteins, and body mass changes [they give helpful predictions
for each variable, too]. Additionally, endocannabinoids, monoamines,
oxytocin, vasopressin, brain derived neurotrophic factor, endogenous
opiates, melanocortins, ghrelin, leptin, osteocalcin, and many other
biomarkers are known to change following exposure to acute and/or
chronic stressors (Sapolsky et al., 2000; Juster et al., 2010; Radek,
2010; Dhabhar, 2014; Meyer et al., 2014; Morena et al., 2016; Berger
et al., 2019).

6.3. Testing hypotheses: how to measure

Once a hypothesis is chosen a set of relevant predictions and de-
pendent variables is needed. A single hypothesis can have several dif-
ferent and distinct predictions, and directional predictions may differ
for various biomarkers (e.g., glucocorticoids will increase, reproductive
hormones will decrease). When testing multiple predictions in a given
experiment some, all, or none of those predictions may be accurate.
Using a specific example from Table 1, Lattin et al. (2016) propose the
CORT-Flexibility hypothesis to explain regulation of breeding onset in
birds. They provide 6 different mechanisms (predictions) for the way in
which HPA axis function may be altered in pre-breeding birds: 1) in-
creasing glucocorticoid release, 2) decreasing glucocorticoid feedback,
3) decreasing plasma corticosteroid-binding globulin, 4) altering en-
zyme (11 beta HSD1, 2) activity, 5) increasing intracellular MR and GR,
and 6) altering other hormones (e.g., gonadotropin-inhibitory hor-
mone). These 6 predictions are not necessarily mutually exclusive, and
an ideal, robust probing of the CORT-Flexibility hypothesis would si-
multaneously test all 6 predictions to determine the appropriate level of
analysis for a given organism.

How, exactly, to test those 6 predictions adds another layer of
complexity to stress research. Variables such as time from disturbance
to collection of blood sample (< 2-3 min for glucocorticoids; Small
et al. 2017), sample treatment (e.g., addition of anticoagulant, acid,
protease inhibitor, stabilizer; Livesey and Dolamore, 2010) and storage
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methods (immediately frozen; freeze-thaw cycles; —20 °C vs. —80 °C;
Khan et al., 2002) can have profound impacts on sample values. If
something other than blood (plasma, serum) is being used for hormone
analysis, determining the time course from elevation in blood to ele-
vation in tissue, fluid, or excreta of interest matters (e.g., in humans, ~
20-22 min from blood to saliva change for glucocorticoids, and
~10-12 min for alpha amylase; Engert et al., 2011; Hohman et al.,
2017), as does sample processing (e.g., extraction for fecal steroid
analysis or use of hair or feathers; Sheriff et al., 2011; Harris et al.,
2012; Palme et al., 2013). For fur, hair, feather, scute, and baleen
analysis, knowing the growth and/or molting pattern is incredibly
important for matching a sample to a specific timepoint (Lattin et al.,
2011; Sheriff et al., 2011; Hunt et al., 2014; Hamilton et al,. 2018). For
dependent variables requiring bench analysis, choice of assay Kkit, re-
agents, and/or antibodies also matters. Ideally, each assay kit would be
biochemically and biologically validated for each species and for each
type of sample fluid (e.g., fecal extract may not perform the same way
as plasma; Goymann, 2005; Palme, 2005; Touma and Palme, 2005).
Sometimes an assay will pass biochemical validation, but not biological
validation. For example, an assay can pass accuracy, recovery, and
parallelism trials, and provide consistent hormone concentrations
(biochemically valid), but those concentration values may not be re-
presentative of the biology of the analyte of interest (not biologically
valid). This could happen if the analyte, say glucocorticoids, should
increase upon exposure to a challenge or change with time of day, but
these expected changes do not register using the chosen assay. Or, this
can occur when an assay is measuring a metabolite of the analyte of
interest and that metabolite does not change in the same manner or
over the same time course as the parent analyte, this can be a common
issue in fecal glucocorticoid assays (e.g., see Palme, 2005; Touma and
Palme, 2005; Harris et al., 2012). Thus both types of validation are
important for determining accurate results. Validation of commercially
available antibodies for use in immunohistochemistry or in situ hy-
bridization is also necessary (see Fig. 3 in Bordeaux et al., 2010 for a
good validation flow chart; Schonbrunn, 2014; Gautron, 2019), as
commercially purchased reagents may not function as advertised. Lack
of validation can be especially problematic for antibodies against G-
protein coupled receptors (Hazell et al., 2012) of which there are many
in the hypothalamus and stress axis (e.g., CRFR1 Refojo et al., 2011).
Lack of antibody validation, along with poor experimental design, is
responsible, at least in part, for the reproducibility crisis in biomedical
and preclinical animal data (Baker, 2015b; 2016; Freedman et al.,
2015). When collecting tissues for use in immunohistochemistry, in situ
hybridization, real time PCR, or other techniques, method of sacrifice
(e.g., carbon dioxide, halothane, direct decapitation, etc.), time from
death until tissue preservation, as well as preservation technique can all
matter when analyzing stress-sensitive biomarkers.

Another consideration when testing stress hypotheses is the appro-
priate endpoint or dependent variable for the prediction. Take, for ex-
ample, the thorough studies conducted by Lattin and Romero (Lattin
and Romero, 2014; 2015) showing that seasonal and chronic stress
impacts on MR and GR are tissue-specific, even within the same bird.
Their data suggest that season and tissue type chosen for analysis are
important and thus choosing the correct tissue for analysis could make
the difference in supporting or failing to support a hypothesis. In ad-
dition to being specific about the type of tissue used for analysis, for
receptor studies, making specific predictions about the type (MR or GR)
and location (intracellular, membrane-bound (Tasker et al., 2006), or
tethering role (Ratman et al., 2013)), could be informative. Or for a
different example, if a hypothesis predicts that animals should be
bolder/less anxious, what is the organism-appropriate operationaliza-
tion of that measure? For example, there are several behavioral para-
digms to measure anxiety-like behavior (e.g., light/dark test; open
field), but usefulness and relevance of these paradigms can differ by
species (e.g., a test that is valid for mouse behavior may not work for
other species; see Coleman et al., 2019). Additionally, for behavioral
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endpoints, it is important to include explicit behavioral test arena or
apparatus specification, ethogram(s) used to define behaviors, and
methods for scoring behavior (see Bohlen et al., 2014). There are sev-
eral software packages available (e.g., JWatcher, Ethovision, Etho-
watcher, BehaviorCloud, TopScan, Biobserve, OpenBehavior, Tracktor,
ToxTrac, Actimetrics, etc.) and while the availability of these programs
is incredibly useful, they can provide data that are not accurate if set-
tings are not vigorously validated in the lab (e.g., tracking software can
lose the location of the animal, can incorrectly identify animal, and can
be incredibly sensitive to even minute changes in lighting or glare, but
will still provide “numbers” for animals; see Bailoo et al., 2010). Even if
careful and valid behavioral scoring is used, the sex of the experimenter
can influence hormonal and behavioral responses to stressors (Sorge
et al., 2014) and is something that may need to be considered in ex-
perimental design. Lastly, if HPA/I axis activity is manipulated via
administration of exogenous hormones (e.g., injection(s), in drinking
water/food, short- or long-term implants, etc.) the implication on the
entire axis and feedback system, including typical circadian rhythm and
receptor binding dynamics, needs to be considered (see Landys et al.,
2006; Crossin et al., 2016; Spencer and Deak, 2017; Torres-Medina
et al., 2018; MacDougall-Shackleton et al., 2019).

6.4. Caveats, considerations, and limitations

To truly test some of these hypotheses it will involve getting into the
nitty gritty of the stress response and to make specific, explicit, and
directional predictions. Being able to compare results across studies and
across species will be important for addressing questions of selection
and evolution of endocrine systems in tradeoffs (Ricklefs and Wikelski,
2002; Blumstein et al., 2010). Mechanistic studies using reaction norm
(Araya-Ajoy et al., 2015; Bonier and Martin, 2016) and evolutionary
physiology approaches (Feder et al., 2000), and implementing a revised
ecomorphological paradigm that incorporates tradeoffs, resource allo-
cation, and interactions among performance, other variables (endocrine
system), and fitness (Moore and Hopkins, 2009; Lailvaux and Husak,
2014) will be important. Asking questions that address adaptations vs
exaptations will able be illuminating (Ketterson and Nolan, 1999), as
will those addressing the endocrine plasticity (Taff and Vitousek, 2016)
including developmental (Dufty et al., 2002) and genetic underpinnings
of plasticity (Lafuente and Beldade, 2019), and, lastly, so will those
integrating proximate and ultimate measures within studies (Crespi
et al., 2013).

When comparing data across studies and assessing robustness of
these hypotheses it is important to remember the role of moderators
and variation. Just because data do not align from one study to the next
does not necessarily mean the hypothesis is wrong, or that one set of
authors’ data are not valid, we need to be careful about methods that
we know impact markers of stress physiology and then we can begin to
get a better picture of universal trends vs. those that are specific to taxa
or are perhaps constrained by evolution or ecology. Thus, choosing
appropriate dependent variables for each study is important, as is fully
and accurately reporting experimental conditions (e.g., feeding,
lighting, housing, etc.), tests parameter specifics (e.g., set-up, size,
lighting, time of day, etc.), animal or participant information (e.g., sex,
age, parity, genotype/strain, etc.), and previous use of data from the
same experimental subjects (e.g., avoiding salami slicing). The ARRIVE
(Animal Research: Reporting of In Vivo Experiment) guidelines, the
National Research Council’s Guidance for the Description of Animal
Research in Scientific Publications (National Research Council, 2011),
and others (see Lee, 2018) provide a good framework for standardizing
reporting of experimental variables.

Stressors can range from environmental and social demands (e.g.,
high population density, social instability, predation) and physical or
physiological challenges (e.g., injury, sickness, food or water restric-
tion, extreme ambient temperatures) to psychological stressors (e.g.,
lack of control, unpredictability, novelty, noise, restraint, predators).
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Stressor can also be classified as acute (transient) or chronic (pro-
longed), and as homotypic or heterotypic. Therefore, it is possible, and
likely, that physiological and behavioral responses observed in response
to one type of stressor may not be identical to those observed in re-
sponse to a different stressor, even in the same organism or population.
In addition, multiple-species testing, and using multi-pronged ap-
proaches to address the same hypothesis within a single species (e.g.,
triangulation; Lawlor et al., 2016) will aid in robustness and reprodu-
cibility of effects (Munafo and Smith, 2018). We also need to get be-
yond just the glucocorticoids and consistently measure many of the
other stress mediators (Breuner et al., 2013). When doing so, we should
make clear, a priori predictions about how various mediators are ex-
pected to change, or if it is unclear, state that point upfront in the paper.
To enhance harmonization as well as transparency and reproducibility,
as authors we can be explicit in the details of methods, including im-
portant variables like time of day, time from disturbance until sample,
sex, age, housing status, handling, experimental timeline, diet, parasite
status (if known), light regimen, and, when applicable, sacrifice method
(e.g., CO2, decapitation, halothane, etc.), post-mortem tissue handling,
and assay/antibody validation and parameters. We can also being to
standardize our terminology (see Epel et al., 2018 for a framework).
The 2018 announcement by NIMH highlights that careful handling of
these details will be particularly important for funding of stress biology
research going forward (National Institute of Mental Health, NOT-MH-
18-058).

7. Conclusions

Given the ubiquity of stress, and the breath and complexity that the
topic of stress poses, tackling these research questions in a valid and
through manner can seem daunting. This paper is not the first to at-
tempt to compile stress hypotheses for comparison as Quarton and
colleagues (1955) made an effort to synthesize the hypotheses de-
scribing how ACTH and cortisone impact mental disturbance. And,
recently, Schoenle and colleagues created a collection of hypotheses
related to glucocorticoids and fitness (Schoenle et al., 2018). Some of
the caveats and concerns listed by Quarton et al. are still true today
(e.g., cause and consequence; complex control of behavior), but others
we, as a field, are now better at addressing (e.g., much more is known
about how hormones impacts neurons and specific cells, and about
biochemical pathways; CRF was discovered by Vale in 1981 [Bale and
Chen, 2012]; the availability of advanced statistical software and the
rising popularity of meta-analyses). Overall, the field has come a long
way. By listing a prior hypotheses, crafting careful and deliberate pre-
dictions, testing predictions using multiple biologically relevant de-
pendent variables, explicitly reporting methods and data, and per-
forming sound replication studies we can move the field of comparative
stress endocrinology forward in exciting ways. And, as Selye stated,
“Indeed, complete freedom from stress is death!” — Hans Selye, 1976
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