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ABSTRACT: Glucocorticoid (GC) hormones are important pheno-
typic mediators across vertebrates, but their circulating concentra-
tions can vary markedly. Here we investigate macroevolutionary pat-
terning in GC levels across tetrapods by testing seven specific hypotheses
about GC variation and evaluating whether the supported hypotheses
reveal consistent patterns in GC evolution. If selection generally favors
the “supportive” role of GCs in responding effectively to challenges, then
baseline and/or stress-induced GCs may be higher in challenging con-
texts. Alternatively, if selection generally favors “protection” from GC-
induced costs, GCs may be lower in environments where challenges
are more common or severe. The predictors of baseline GCs were all con-
sistent with supportive effects: levels were higher in smaller organisms
and in those inhabiting more energetically demanding environments.
During breeding, baseline GCs were also higher in populations and spe-
cies with fewer lifetime opportunities to reproduce. The predictors of
stress-induced GCs were instead more consistent with the protection hy-
pothesis: during breeding, levels were lower in organisms with fewer life-
time reproductive opportunities. Overall, these patterns indicate a sur-
prising degree of consistency in how some selective pressures shape
GCs across broad taxonomic scales; at the same time, in challenging en-
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vironments selection appears to operate on baseline and stress-induced
GCs in distinct ways.

Keywords: stress, comparative physiology, cortisol, corticosterone,
steroid, evolutionary endocrinology.

Introduction

Glucocorticoid (GC) hormones function as major media-
tors of phenotype. Through widespread transcriptomic,
physiological, and behavioral effects, GCs help vertebrates
to prepare for, respond to, and recover from energetic and
other challenges (e.g., Wingfield et al. 1998; Sapolsky et al.
2000; Dallman 2005; Datson et al. 2008). By altering in-
vestment in survival, reproduction, and growth, GCs also
mediate life-history trade-offs (Wingfield and Sapolsky
2003). Variation in GC levels, and in the activity of the
hypothalamic-pituitary-adrenal (HPA) axis that produces
them, could underlie differences in the ability to inhabit chal-
lenging environments and to colonize or adapt to novel or
changing environments (Liebl and Martin 2012; Angelier and
Wingfield 2013). Because of their roles in matching phenotype
to environment, GCs may be important targets for selection.

The basic function of the HPA axis is highly conserved
across vertebrates, but circulating GC levels, like other
components of HPA activity, can vary markedly (Williams
2008; Cockrem 2013). The potential for variation in GC
levels to be shaped by selection has been supported by re-
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cent research in evolutionary endocrinology (e.g., Pottinger
and Carrick 1999; Baugh et al. 2012; Stedman et al. 2017). Al-
though hormone concentrations are responsive to internal
and external conditions, GC levels tend to be individually re-
peatable traits (Taff et al. 2018a)—both under baseline con-
ditions and following exposure to a standardized stressor
(“stress-induced” GC levels). Within-population variation in
GCs predicts components of fitness in a variety of contexts
(e.g., Cabezas et al. 2007; Breuner et al. 2008; Bonier et al.
2009a; Romero and Wikelski 2010; Ouyang et al. 2011), al-
though these relationships can be complex and variable (Bon-
ier et al. 2009b; Patterson et al. 2014; Schoenle et al. 2018;
Vitousek et al. 2018¢). Population comparisons have also be-
gun to elucidate how environment and life history may shape
GCs and other hormones in diverging populations (Kitano
et al. 2011; Schultner et al. 2013; Atwell et al. 2014; Krause
et al. 2016). Whether evolution shapes GC variation in ways
that are consistent across vertebrate species, however, is not
well understood.

Large-scale comparisons within major vertebrate groups
have begun to illuminate how GC levels vary across environ-
ments and life histories. For example, GCs increase with lat-
itude in birds (Bokony et al. 2009; Hau et al. 2010; Jessop
et al. 2013), amphibians (Eikenaar et al. 2012), and possibly
reptiles (Eikenaar et al. 2012; but see Jessop et al. 2013).
Thermal regimes have also been linked with GC levels in
birds and reptiles (Jessop et al. 2016). To date, phylogeneti-
cally informed comparisons of endocrine traits have gener-
ally taken one of two approaches. The first is an exploratory
approach (non- or weakly hypothesis driven) in which many
predictor variables are included in models, with the goal of
identifying factors associated with the traits of interest
(e.g., Eikenaar et al. 2012; Jessop et al. 2013). The second ap-
proach entails focused tests of a specific hypothesis about
how environment or life history shapes hormone variation
within major vertebrate groups (e.g., birds [Goymann et al.
2004; Garamszegi et al. 2008; Bdékony et al. 2009; Lendvai
et al. 2013]; reptiles [Jessop et al. 2016]; mammals [Haase
et al. 2016]). For example, one such analysis supported the
prediction that birds actively engaging in parental care will
have lower stress-induced GCs if their brood represents a
greater proportion of lifetime reproductive effort (the “brood
value hypothesis”; Bokony et al. 2009).

Phylogenetic comparative analyses utilizing both of these
approaches have provided key insights into how selection
may shape GCs; however, both approaches also suffer some
drawbacks. Analyses that test a single hypothesis may not
appropriately account for other confounding factors—and
more importantly, they do not account for the relative con-
tributions of different selective pressures in shaping trait
variation. Exploratory analyses provide insight into the rel-
ative importance of different environmental or life-history
variables, but they can be challenging to interpret, in part be-
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cause of the high degree of covariation among different var-
iables of interest. For example, the relatively consistent pos-
itive relationship between latitude and GCs (Bokony et al.
2009; Hau et al. 2010; Eikenaar et al. 2012; Jessop et al. 2013)
could reflect selection based on many distinct ecological pres-
sures.

The most powerful approach to understanding GC evo-
lution through phylogenetic comparisons involves simul-
taneously testing multiple distinct hypotheses about the
roles of ecological and evolutionary factors within a single
conceptual framework. In perhaps the best example of such
an analysis to date, Hau et al. (2010) found that baseline GCs
were higher in smaller-bodied passerine birds with shorter
breeding seasons; stress-induced GCs were also higher in
smaller passerines and positively predicted survival rates.
Although this analysis was limited in its taxonomic scope,
its approach holds great promise for comparing the relative
strength of different predictors of GC variation across taxa.

Here we use a newly compiled database of steroid hor-
mone levels across free-living populations (HormoneBase:
https://hormonebase.org; Vitousek et al. 2018a) to test hy-
potheses about how selective pressures have shaped GCs
across tetrapod vertebrates. At the same time, we introduce
and test a broad conceptual framework about how and why
GCs vary across populations and species. Because of the di-
versity of traits that are GC mediated, the specific pathways
by which HPA activity affects fitness are undoubtedly highly
variable. Yet commonalities may exist in how environments
or life histories shape HPA activity. We propose that macro-
evolutionary patterning of GC levels across vertebrates can
be broadly characterized as reflecting either “supportive” or
“protective” processes. The supportive functions of GCs en-
tail helping organisms prepare for, respond to, and recover
from challenges (e.g., through permissive, stimulatory, pre-
parative, and suppressive GC actions; Sapolsky et al. 2000),
including through supporting energetically demanding ac-
tivities (see below). If selection favors a supportive role for
GCs, GC levels should be higher in environments and dur-
ing life-history stages where challenges are more common.
Alternatively, selection could favor protection from elevated
GC concentrations because high GCs can impair reproduc-
tive processes and cause pathological tissue damage (e.g.,
Wingfield and Sapolsky 2003; Romero et al. 2009). In this
case, GC levels may be lower where challenges are likely to
be frequent or prolonged and during life-history stages
where the costs of high GCs may be particularly severe. To
our knowledge, a similar framework has not previously been
applied to macroevolutionary patterning in GCs; however,
the framework developed here has some consistencies with
hypotheses proposed to explain seasonal changes in GCs
(e.g., the preparative and energy mobilization hypotheses
vs. the behavioral hypothesis; Romero 2002; Romero et al.
2017) and with hypotheses about GC-fitness relationships
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within populations (Wingfield et al. 1998; Bonier et al. 2009a;
Schoenle et al. 2018).

In this analysis, we first test the relative support for seven
hypotheses about GC evolution (table 1) and then evaluate
whether these results provide support for general patterns
in GC variation across populations and species (supportive
and/or protective). For four of our hypotheses, we predicted
a relationship consistent with GCs playing a supportive role
in challenging conditions. Note that for many of these hy-
potheses a significant relationship opposite to that predicted
here would instead support the role of protective processes in
shaping GCs. Because smaller organisms generally have
fewer energetic reserves and must thus respond rapidly and
effectively to energetic challenges, we predicted that (1) body
size would be negatively associated with GC levels, consistent
with several prior analyses (baseline [Békony et al. 2009; Hau
et al. 2010; Haase et al. 2016]; stress-induced [Hau et al. 2010;
Haase et al. 2016; Jessop et al. 2016; but see Bokony et al.
2009]). Similarly, we predicted that when controlling for
body size, (2) species with a higher metabolic rate (and thus
greater energy needs) would have higher GC levels. Although
this relationship is widely predicted (e.g., McEwen and Wing-
field 2003; Romero et al. 2009; Jimeno et al. 2017), it has been
tested only in two recent phylogenetically informed compar-
isons, which found conflicting patterns (Haase et al. 2016;
Francis et al. 2018). Because of the role of GCs in regulating
energy storage and use (Sapolsky et al. 2000; Landys et al.
2006; Hau et al. 2010), we predicted that (3) more energeti-
cally demanding or challenging environments would be as-
sociated with higher GCs. For example, because cold environ-
ments tend to impose greater energetic costs on endotherms,
which often expend substantial energy to maintain homeostasis
in cold environments (e.g., Scholander et al. 1950; Weathers
1979; Anderson and Jetz 2005), we predicted a negative re-
lationship between ambient temperature and GCs in endo-
therms. By contrast, because energetic expenditure generally

increases with temperature in ectotherms (e.g., Andrews and
Pough 1985; Schmidt-Nielsen 1997), we predicted a positive re-
lationship between temperature and GCs in ectotherms. We
also predicted that drier environments—which tend to have
lower levels of vegetation (and potentially lower resource
availability)—would be associated with higher GC levels. Fi-
nally, because environmental uncertainty could pose particular
challenges to homeostasis (Jetz and Rubenstein 2011; Wing-
field 2013b), we predicted that (4) environments with greater
variation in temperature and precipitation would be asso-
ciated with higher baseline and/or stress-induced GCs.
Although GCs are important mediators of the response to
challenges, substantially or chronically elevated GCs can also
impose major phenotypic and fitness costs. Several of our
predictions were consistent with protective processes shaping
GC evolution—particularly for stress-induced GCs. Because
high GC levels can impair reproduction (Wingfield and Sa-
polsky 2003), we predicted that (5) during the breeding sea-
son, species with fewer lifetime reproductive opportunities
would have lower GC levels (O'Reilly and Wingfield 2001;
Bokony et al. 2009). High GC levels, especially when chron-
ically elevated, can also accelerate aging and reduce life span,
potentially through increasing oxidative stress and reducing
telomere length (Haussmann and Marchetto 2010; Costan-
tini 2011; Angelier et al. 2018; Schoenle et al. 2018). Thus,
we predicted that (6) longer-lived species would have lower
GClevels. Finally, we hypothesized that organisms that expe-
rience frequent or pervasive social stressors would benefit
from lower stress-induced GCs. The GC stress response is a
nonspecific response triggered by many types of challenges.
Although the GC response is particularly well suited for cop-
ing with immediate threats to survival, it is also triggered by
challenges that pose little threat to immediate survival (e.g.,
Goymann and Wingfield 2004; Creel et al. 2013; Cavigelli
and Caruso 2015; Schoenle et al. 2018). Because of the poten-
tial for socially induced GC responses to incur costs, we

Table 1: Potential predictors of glucocorticoids (GCs): hypotheses, predicted relationships, and candidate models

Hypothesis Predicted relationship with GCs  Predicted role of GCs Single-hypothesis model*
Body size Negative Supportive Body mass
Metabolic rate Positive Supportive Metabolic rate + body mass
Environment Temperature: negative endotherms, Supportive Mean seasonal temperature x
positive ectotherms; precipitation: thermoregulatory status
negative (endotherm/ectotherm) + mean
seasonal precipitation
Environmental variation ~ Positive Supportive Environmental variation (principal
components 1 and 2)
Reproductive attempts  Positive (length of breeding season) Protective Maximum lifetime reproductive attempts x
life-history stage (breeding/nonbreeding)
Longevity Negative Protective Maximum longevity
Sociality Negative Protective Sociality (group living, paired, solitary)

* All candidate models included additional random and fixed effects as specified in the main text.
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predicted that (7) sociality (here considered as group living)
would be negatively associated with GCs across vertebrates.

Variation in baseline and stress-induced GC levels were
considered separately—using parallel analyses—because of
the mounting evidence that these traits may be differently
shaped by selection. Although baseline and stress-induced
GCs are often phenotypically correlated, they do not appear
to be genetically correlated (Satterlee and Johnson 1988;
Pottinger and Carrick 1999; Baugh et al. 2012; Jenkins et al.
2014; Stedman et al. 2017). The transcriptomic, physiological,
and phenotypic effects of baseline and stress-induced GCs
can also differ markedly. Baseline GCs predominantly bind
to high-affinity mineralocorticoid receptors, mediating feed-
ing behavior and regulating metabolism (Landys et al. 2006).
Mineralocorticoid receptors, which are present in relatively
low concentrations, are typically nearly saturated at baseline
levels (Sapolsky et al. 2000; Romero 2004). During an acute
stress response, GC levels rise dramatically; excess GCs bind
at GC receptors, inducing phenotypic changes important for
coping with immediate stressors (e.g., energy mobilization,
increases in blood pressure and cardiac output, changes in
immune responses, and reproductive suppression; Sapolsky
et al. 2000). Consistent with their differential phenotypic ef-
fects, baseline and stress-induced GC levels often differ in
their relationship with fitness (Blas et al. 2007; Angelier et al.
2009; Ouyang et al. 2013; Patterson et al. 2014; Vitousek et al.
2018c¢). Despite these differences, GC levels in both contexts
could be important for coping with risky or energetically de-
manding environments.

Methods
Hormone Data

Data on circulating GC levels were obtained from Hormone-
Base (Vitousek et al. 2018a), a publicly available resource of
plasma steroid hormone levels across vertebrate populations
(currently including 2,600 measures of GC levels from tetra-
pods). All measures in HormoneBase come from adults in
free-living populations in which the sexes were not pooled.
Our analysis used data on mean GC levels for each sex; where
provided, separate means were included from individuals in
different life-history stages. For this analysis, HormoneBase
data were subject to a strict filtering protocol. To attempt
to ensure that we were comparing true baseline measures
(rather than measures in which GC levels had begun to rise
as a result of capture and handling), we excluded all baseline
samples collected more than 3 min after capture in birds and
mammals, more than 5 min postcapture in other vertebrates,
or where sampling latency was not reported.

The HormoneBase data set also includes measures of
peak plasma GC levels in response to restraint stressors.
The time between stressor exposure and peak GC levels dif-
fers by species; in most vertebrates, peak levels are achieved
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15-60 min after the onset of a stressor, but particularly in
reptiles, GC levels can continue to increase for hours. Hor-
moneBase includes all measures characterized by the authors
as representing acute stress-induced GCs; if multiple samples
were collected from the same individuals or group of individ-
uals during a stress series, only peak concentrations were in-
cluded. For this analysis, we excluded stress-induced GC mea-
sures taken more than 60 min postcapture unless it was
verified that the selected sampling window represented peak
concentrations. Because baseline and stress-induced GCs
can covary (Haase et al. 2016; but see Hau et al. 2010), anal-
yses of stress-induced GCs included baseline levels as a
covariate; thus, records were excluded from analysis if base-
line measures were not also available. Analyses of stress-
induced GCs used a slightly less strict threshold to exclude
records based on sampling latency (as sample sizes were al-
ready small in some taxa and baseline GCs were included only
as a covariate): baseline measures were excluded when col-
lected more than 5 min after capture across all vertebrate
groups. Following these filtering protocols, very few fish spe-
cies were retained in the data set; thus, fish were excluded
from analyses.

Analyses were conducted on a filtered data set that in-
cluded 1,529 measures of mean GC levels. Of these mea-
surements, 1,121 represented baseline GCs, measured from
187 species in 278 locations, and 407 means of stress-induced
GCs were included, measured from 74 species in 146 loca-
tions. The filtered data set included the following numbers
of population/group means: 136 from amphibians (25 spe-
cies), 69 from mammals (seven species), 301 from reptiles
(44 species), and 1,022 from birds (116 species). The filtered
data sets used for this analysis are available in the Dryad
Digital Repository: https://dx.doi.org/10.5061/dryad.th03671
(Vitousek et al. 2019).

Phylogenetic Tree

A species-level phylogenetic tree of the species included in
HormoneBase was constructed as described by Johnson
et al. (2018). Briefly, beginning with a time-dated backbone
phylogeny from the TimeTree of Life (Kumar et al. 2017),
we manually modified the date of the amphibian stem node
by shifting it to correspond with Roelants et al. (2007), while
ensuring that the tree remained ultrametric. Taxonomy was
matched between HormoneBase and major lineage-specific
trees for amphibians (Pyron and Wiens 2011; Eastman et al.
2013), mammals (Bininda-Emonds et al. 2007), squamates
(Pyron et al. 2013), turtles (Jaffe et al. 2011), and birds (Jetz
et al. 2012), ensuring that each row in the database matched
a single tip in its respective lineage-specific tree. The mammal
tree was resolved, and the subtrees were pruned and bound
(see Johnson et al. 2018). Following the data-filtering proto-
cols described above, a final tree for this analysis was created
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from the HormoneBase tree (provided in Johnson et al. 2018)
by dropping tips from that tree.

Environmental data. Data on mean monthly temperature
and precipitation for each study location were obtained
from the Climatic Research Unit (CRU) Time-Series Data
(Harris et al. 2014), which provides data on monthly varia-
tion in global climate in 0.5° grids. From these data, we cal-
culated the 51-year average (which represents the period of
time over which the majority of HormoneBase data were
collected: 1965-2015) of seasonal mean temperature and
precipitation and of inter- and intraseasonal variation (stan-
dard deviation) in temperature and precipitation for all
study locations. Seasons (3-month intervals) were grouped
as follows: March—May, June—-August, September—November,
December-February.

Because our data set contained migrants and residents, as
well as species with very different geographical ranges, we
restricted environmental analyses to the season in which
samples were collected. HormoneBase includes information
on the months in which data were collected for each entry;
when months were not specified in the original article, we
used information on the season in which data were collected.
To enable comparison on a similar timescale, each study was
assigned a single season (3-month intervals as specified above).
Samples collected in multiple seasons were assigned to the
first season (if sampled in two seasons) or the middle season
(if sampled in three seasons). Studies that pooled measures
across all four seasons or across multiple nonconsecutive
seasons were discarded from this analysis, as were studies that
did not specify the month or season of sample collection. Be-
cause CRU data are available only for terrestrial locations, we
were not able to obtain environmental data for populations
sampled in aquatic environments; thus, exclusively aquatic
tetrapods are not included in this analysis. However, many of
the measures included in this analysis come from tetrapods
that utilize both terrestrial and aquatic environments.

Life-History and Metabolic Data

To test hypotheses about the evolution of GC levels, we
compiled life-history data on all species contained in the
HormoneBase database. Whenever possible, we included
data that were specific to the population in which samples
were collected; when those data were not available, we in-
cluded information on species means. Life-history data
were obtained from the primary literature, including the
articles in which hormone data were reported, other stud-
ies from the same population, and public databases (e.g.,
AnAge [de Magalhaes 2004]; AmphiBIO [Oliveira et al.
2017]; the Birds of North America [Rodewald 2015]). Traits
included male and female body mass, maximum longevity,
sex-specific time to maturity, and the average number of re-
productive events per year (litters, clutches, etc.). Species were

also classified by their degree of sociality (group living, pair
living, solitary) during the breeding season and the nonbreed-
ing season. Each measure of hormone data was also associ-
ated with information about whether samples were collected
during the breeding season or nonbreeding season; when
samples were collected across both seasons or from a combi-
nation of breeding and nonbreeding individuals, they were
classified as breeding. To test hypotheses about reproductive
value, we estimated the maximum number of lifetime repro-
ductive attempts possible for each sex in each population us-
ing the following formula: maximum lifetime reproductive
attempts = (maximum longevity — time to maturity) x av-
erage number of reproductive attempts per year. This metric
is similar to that utilized by Békony et al. (2009) but focuses
on total potential reproductive attempts rather than the pro-
portion of reproductive effort represented by each attempt.
It was designed to utilize life-history data that is relatively
widely available across taxa and to be applicable to species
with a diversity of reproductive strategies (e.g., across taxa
with substantial variation in clutch size and parental care).

The protocol for compiling and validating transforma-
tions of metabolic data is described in full by Johnson et al.
(2018). In brief, data on whole-animal standard metabolic
rates for ectotherms or basal metabolic rates for endotherms
were compiled from the primary literature and existing
reviews (e.g., White et al. 2006; Uyeda et al. 2017) and con-
verted into watts (Gessaman and Nagy 1988). Temperature-
independent standard metabolic rates were determined for
ectotherms by extracting residuals from linear regression
models between temperature and metabolic rate (Downs
et al. 2008; Johnson et al. 2018). Basal metabolic rates were
not corrected for body temperature, as temperature varies
relatively little across endotherms and has a small, although
significant, effect on basal metabolic rate (McNab 1997;
White and Seymour 2003; Clarke et al. 2010).

We were not able to obtain life-history or metabolic data
on all species included in this analysis (mean: 83% complete-
ness across the traits used here). As neither MCMCglmm nor
model comparison analyses allow missing data, we used the
package Rphylopars (Goolsby et al. 2017) to impute missing
data across all 474 species in the HormoneBase database.
Rphylopars uses a linear-time algorithm to reconstruct ances-
tral states, impute missing data, and compute species means
according to an estimated evolutionary model. This analysis
used the phylogenetic tree specified above and the default pa-
rameters in Rphylopars, including a Brownian motion model
of evolution. We performed imputations of multiple variables
simultaneously for each vertebrate group, using groups of re-
lated variables such that covariances among the traits contrib-
uted to the imputed results. Imputed data were manually
checked to ensure correspondence with biological realism
as follows. When imputed values were negative (approxi-
mately 1% of the life-history values in this analysis), we re-
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placed the imputed data with values from a congener (if
available). If data from multiple congeners were available,
we used the lowest value reported for a congener. If data from
a congener were not available, we replaced the negative im-
puted values with the minimum nonimputed value for the
trait, following the standard approach for hormone levels
whose measured values are below the detection limit of an
assay. In addition, for two of the species in this analysis, the
imputed average life expectancy was greater than the imputed
maximum longevity value. In these two cases, we replaced the
imputed maximum longevity value with the imputed average
life expectancy for that species.

Statistical Analysis

The package MCMCglmm (Hadfield 2010) was used in
the R environment to compare candidate models of base-
line and stress-induced GC levels (code is available from
the authors upon request). Prior to analysis, hormone data
and other continuous variables were natural log trans-
formed; before transformation, a constant was added to
seasonal mean temperature (+30) to ensure that all values
were greater than zero. Candidate models used a Gaussian
distribution and specified relatively uninformative inverse
gamma priors (v = 1, » = 0.002). Models were run for
1,000,000 iterations with a burn-in of 50,000 and a thin-
ning of 200. Models were checked by visually inspecting
density and trace plots for independence and consistency
of the posterior distributions and by checking autocorrela-
tion values (Hadfield 2010), which were all <0.05. To con-
firm the stability of results, each model was fitted three
times. Models were also rerun with highly informative
priors (» = 1) to confirm that prior specification did not im-
pact results (Wilson et al. 2009).

Generalized linear mixed models included species (the
matrix of phylogenetic relatedness) and population identity
as random effects. Because measured hormone levels can dif-
fer among labs (Fanson et al. 2017), we also included hor-
mone lab identity (as described in Vitousek et al. 2018b) as
arandom effect. In addition, all models included the fixed ef-
fects of sex and GC type (corticosterone or cortisol). Models
of stress-induced GC levels also included baseline GC levels
as a fixed effect. Single-hypothesis models (table 1) were com-
peted against an omnibus model that contained all of these
fixed effects and interactions, an intercept-only model, and
a model that included only sex, GC type, and, for models of
stress-induced GCs, baseline GCs. Relative model fit was as-
sessed using deviance information criterion scores. Figures
in the text show model-predicted relationships; raw data are
shown in supplemental materials (figs. S1-S6, available on-
line).

Because measures of environmental variation on different
timescales (inter- and intraseasonal variation in temperature
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and precipitation) were correlated, we ran a principal compo-
nent (PC) analysis on centered and scaled environmental var-
iation data. Two PCs explained 89.3% of the variance in the
data set. PCI1 (eigenvalue = 2.4; variance explained = 61.0%)
had strong positive loading (>0.50) on intra- and inter-
seasonal SD in precipitation and strong negative loading on
inter- and intraseasonal SD in temperature (variable precipi-
tation, consistent temperature). PC2 (eigenvalue = 1.1; var-
iance explained = 28.4%) had strong positive loading on all
measures of variation (intra- and interseasonal temperature
and precipitation). The full loading matrix is provided in ta-
ble S1 (available online).

Results

The best-fit model of baseline GC levels was the omnibus
model (table 2). Within this model (table 3), baseline GCs
were negatively associated with body mass. As predicted,
the relationship between seasonal mean temperature and
baseline GCs differed in endotherms and ectotherms. In
endotherms, temperature was negatively associated with
baseline GCs, whereas ectotherms showed a positive rela-
tionship (fig. 1). The omnibus model also supported the
presence of differences in the relationship between repro-
ductive value (maximum lifetime reproductive attempts) and
baseline GCs during the breeding and nonbreeding seasons.
During the breeding season, baseline GCs were negatively as-
sociated with the maximum number of lifetime reproductive
attempts; this pattern was not seen in the nonbreeding season
(fig. 2A). Baseline GC levels did not differ significantly be-
tween the sexes, and GC type (corticosterone/cortisol) was
not associated with circulating baseline levels (table 3).

Table 2: Comparison of candidate models of baseline
glucocorticoids (GCs)

Model DIC  ADIC Weight
Omnibus 2,153.2 0 .95
Temperature x thermoregulatory +

precipitation 2,159.1 59 .05
Mass 2,181.6 28.4 .00
Mass + metabolic rate 2,181.7 28.5 .00
Reproductive attempts X

breeding status 2,187.9 347 .00
Longevity 2,189.6  36.4 .00
Sex + GC type 2,189.6 36.4 .00
Environmental variation

(PC1 + PC2) 2,191.3 38.1 .00
Intercept only 2,192.2 39.0 .00
Social 2,193.3  40.1 .00

Note: All models except for the intercept-only model include sex and GC
type as fixed effects. DIC = deviance information criterion; PC = principal
component.
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Table 3: Best-fit omnibus model of baseline glucocorticoids (GCs)

Predictor Posterior mean  Lower 95% CI ~ Upper 95% CI  Effective sample size p MCMC
(Intercept) —1.753 —4.815 1.216 4,496 .250
Body mass —.188 —.313 —.066 4,750 .003
Metabolic rate .022 —.111 144 4,750 741
Reproductive attempts —.105 —.379 .163 4,750 435
Breeding status (nonbreeding) —.643 —1.149 —.181 5,303 .012
Reproductive attempts x breeding status .186 .031 .349 5,189 .029
Longevity 185 —.210 .576 4,750 .349
Social (pair) .069 —.169 321 4,750 .578
Social (solitary) 011 —.320 318 5,098 937
Temperature 1.224 574 1.879 4,750 .001
Thermoregulatory (endothermy) 8.388 4.989 11.991 4,750 <.0002
Temperature x thermoregulatory —1.698 —2.399 —.951 4,750 <.0002
Precipitation —.116 —.195 —.046 4,750 .004
Environmental variation (PC1) .051 —.025 134 4,750 .203
Environmental variation (PC2) .065 —.048 178 4,750 263
Sex (male) —.037 —.119 .046 3,657 407
GC type (cortisol) —.085 —1.933 1.847 4,515 924

Note: Marginal R*> = 0.803, conditional R*> = 0.987. Fixed effects are shown in boldface if the 95% confidence interval (CI) of the mean does not cross zero.

MCMC = Markov chain Monte Carlo; PC = principal component.

The best-fit model of stress-induced GCs included the in-
teraction between reproductive value and breeding season,
in addition to the fixed effects included in all candidate
models in this set (tables 4, 5; marginal R*> = 0.307, condi-
tional R* = 0.979). During the breeding season, species that
had more lifetime reproductive attempts had lower stress-
induced GCs. The opposite pattern was seen during the non-
breeding season (fig. 2B). The relative weights of all other
candidate models were substantially lower than the weight
of the top model (table 4). Stress-induced GCs were signifi-
cantly higher in males than in females (table 5). GC type did
not predict stress-induced GC levels, but baseline GCs posi-
tively predicted stress-induced GCs across taxa (table 5).

Best-fit models for both baseline and stress-induced GCs
showed evidence of a strong phylogenetic signature (Pagel’s
A: baseline = 0.89, stress-induced = 0.88). The random ef-
fects of species and population were significant in both
models (posterior means and confidence intervals; baseline:
species = 2.74 [1.36-4.15], population = 0.25 [0.14-0.38];
stress-induced: species = 0.69 [0.30-1.10], population
0.02 [0.00-0.05]). The random effect of lab identity was also
significant in both models, although the effect was substan-
tially weaker for stress-induced GCs (baseline: 0.35 [0.25-
0.38]; stress-induced: 0.05 [0.01-0.11]).

Discussion

General Patterns in GC Variation:
Supportive or Protective?

The presence of patterns in GC levels across broad taxo-
nomic scales suggests a surprising degree of consistency in
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how at least some selective pressures shape GCs. At the same
time, the nature of these patterns suggests that selection op-
erates on baseline and stress-induced GC levels in distinct
ways in challenging environments. All of the factors that
predicted baseline GCs across tetrapod vertebrates were
consistent with selection favoring higher baseline levels in
challenging contexts (supportive effects; fig. 3), which may
occur because of the roles of GCs in regulating metabolism
and supporting energetically demanding activities (Landys
et al. 2006; Hau et al. 2010; Crespi et al. 2013). By contrast,

7

— —— Endotherm
._E_ ————— Ectotherm
Do 1
£

w9

°

8«

= \
o}

O m

o}

O

3

=

o}

£ .
=~ e

> R

o e

2 -

m © - —r

2.0 25 3.0 35 4.0
Seasonal mean temperature (In(deg C + 30))

Figure 1: Baseline glucocorticoid levels in endotherms and ectotherms
as a function of mean temperature during the season of measurement.
Shaded areas represent the Bayesian credible interval around the poste-
rior distribution of the mean (light: 90%, dark: 60%).

.017.150.214 on June 26, 2019 07:28:34 AM

All use subject to University of Chicago Press Terms and Conditions (http://www.journals.uchicago.edu/t-and-c).



>

5

—— Breeding
Non-breeding

=
E <
Es)
c
Ew
7]
3
o ™
£
©
w
O
m

o 4

0 1 2 3 4 5
Maximum lifetime reproductive attempts (In n)

Breeding
Non-breeding

Stress-induced GCs (In ng/mL) TO
3

0 1 2 3 4 5
Maximum lifetime reproductive attempts (In n)

Figure 2: Baseline (A) and stress-induced (B) glucocorticoid (GC)
levels in breeding and nonbreeding tetrapods as a function of maxi-
mum lifetime reproductive attempts. Shaded areas represent the Bayes-
ian credible interval around the posterior distribution of the mean (light:
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at least at the broad taxonomic scales analyzed here, pat-
terns in stress-induced GCs were more consistent with selec-
tion favoring protection from the deleterious effects of high
GCs (protective effects), particularly during GC-vulnerable
life-history stages (O’Reilly and Wingfield 2001; Wingfield
and Sapolsky 2003).

If mounting a strong GC response is integral to effectively
coping with challenges, why do we not see that stress-induced
GCs are generally higher in more challenging environments?
One possibility is that the contexts under which mounting a
strong GC response outweighs its costs are highly variable
across populations and species. Although slight elevations in
baseline GCs may carry relatively minor costs, the high levels
of GCs present during an acute stress response—and particu-
larly their increased binding at GC receptors—induce massive
changes in gene expression, physiology, and behavior. These
changes could have rapid fitness effects and induce patho-

Glucocorticoid Variation in Tetrapods 873

logical tissue damage over longer timescales (Sapolsky et al.
2000; Lupien et al. 2009; Romero et al. 2009; Goerlich et al.
2012). The conditions under which such a response is adap-
tive may depend heavily on the specific nature of the stressor
and whether its effects can be escaped or mitigated through
GC-mediated phenotypic changes (Schoenle et al. 2018). For
example, mounting a moderate GC response to localized food
limitation is likely to be adaptive when GCs promote in-
creased foraging behavior, leading to the discovery of novel
food sources (Landys et al. 2006). By contrast, when food lim-
itation is widespread and increased foraging yields little ben-
efit, the costs of mounting a stronger or longer GC response
are more likely to outweigh its benefits (Romero and Wikelski
20105 Schoenle et al. 2018). Our results suggest that while the
costs of high stress-induced GC levels during particularly
high-value reproductive attempts are fairly universal across
tetrapods, the contexts under which high stress-induced
GCs are favored may be more variable. It is also possible that
in challenging environments selection operates more strongly
or consistently on aspects of the HPA axis other than those
influencing maximum circulating hormone levels (e.g., recep-
tor density or distribution, binding proteins or cofactors, or
the ability to rein in the GC response through negative feed-
back). The higher baseline GC levels in tetrapods inhabit-
ing more challenging environments could also reflect altered
acute stress responses. Within species, baseline GCs can
prime the acute stress response (Sapolsky et al. 2000), promot-
ing a more rapid and effective response to subsequent chal-
lenges (Vera et al. 2017; Del Giudice et al. 2018). In this anal-
ysis, baseline GC levels positively predicted stress-induced
levels. Thus, the overall patterns seen here suggest that across
tetrapods, selection could be favoring elevated baseline GC
levels in riskier or more challenging environments because
of the role of GCs in priming more effective or efficient phe-
notypic responses to acute challenges.

Table 4: Comparison of candidate models of stress-induced
glucocorticoids (GCs)

Model DIC ADIC Weight
Reproductive attempts x breeding status ~ 318.1 0 .99
Sociality 3286 105 .01
Omnibus 3312 131 .00
Environmental variation (PC1 + PC2) 335.8 17.7 .00
Longevity 336.6 18.5 .00
Sex + GC type + baseline GC level 336.7  18.6 .00
Mass 336.9 18.8 .00
Metabolic rate + mass 3378 19.7 .00
Temperature x thermoregulatory +

precipitation 479.1 161.0 .00
Intercept only 4827 1646 .00

Note: All models except for the intercept-only model include sex, GC type,
and baseline GC level as fixed effects. DIC = deviance information criterion;
PC = principal component.
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Table 5: Best-fit model of stress-induced glucocorticoids (GCs)

Predictor Posterior mean  Lower 95% CI ~ Upper 95% CI  Effective sample size ~p MCMC
(Intercept) 2.140 1.314 2.976 4,750 <.0002
Reproductive attempts 134 .006 .260 4,750 .040
Breeding status (nonbreeding) 456 .028 901 4,465 .043
Reproductive attempts x breeding status —.207 —.352 —.072 4,392 .005
Sex (male) 155 .079 .236 4,750 <.0002
GC type (cortisol) 719 —.306 1.659 4,750 147
Baseline GC level 418 .358 472 4,750 <.0002

Note: Marginal R> = 0.307; conditional R*> = 0.979. Fixed effects are shown in boldface where the 95% confidence interval (CI) of the mean does not cross

zero. MCMC = Markov chain Monte Carlo.

Comparing Specific Hypotheses of GC Variation

Body mass was strongly negatively associated with baseline
GCs across tetrapods, as previously reported in analyses
within vertebrate groups (birds [Bdékony et al. 2009; Hau
etal. 2010]; mammals [Haase et al. 2016]). Unlike some pre-
vious analyses (reptiles [Jessop et al. 2013]; mammals [Haase
et al. 2016]; birds [Hau et al. 2010; but see Bokony et al. 2009]),
body mass was not a good predictor of stress-induced GCs.
A negative body mass-baseline GC relationship is consistent
with the hypothesis that in smaller organisms, which have
lower energetic reserves than larger organisms, it is relatively

more important to be able to quickly mobilize energy and to
prepare for and respond effectively to challenges. We found
no support for the related hypothesis that baseline GC levels
would be positively associated with metabolic rate. This rela-
tionship has been widely predicted (e.g., McEwen and Wing-
field 2003; Romero et al. 2009) and could result from higher
metabolic rates reducing energy reserves (Hau et al. 2010;
Jimeno et al. 2017) or because increased metabolic clearance
rates require more hormones to produce the same effect. But
to our knowledge only two prior studies have tested these
relationships across species, with differing results (Haase
et al. 2016; Francis et al. 2018). We found that metabolic rate

Baseline GC levels

Body mass

Environmental
variation

Reproductive
attempts

Stress-induced GC levels

Figure 3: Predictors of glucocorticoid (GC) variation across tetrapod vertebrates and their implications for the supportive and protective
hypotheses. The middle row of boxes represents environmental and life-history variables predicted to influence GC levels (see table 1).
Dashed lines between these variables and GC levels indicate relationships not strongly supported in our analyses; solid lines represent
relationships that received substantial support. Among supported predictors, those where the direction of the relationship is consistent with
a supportive role of GCs are shown in blue, and those with a protective role of GCs are shown in red.
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was not a significant predictor within the omnibus model (de-
fined here as an effect for which the 95% confidence interval
of the posterior mean does not cross zero). Similarly, for both
baseline and stress-induced GCs, the candidate models that
included both metabolic rate and body mass had slightly
poorer fits to the data than the models that contained body
mass alone. The apparent absence of metabolic scaling of
GC levels could be an artifact of low statistical power and/
or result from noise introduced by the phylogenetic imputa-
tion of metabolic data; of all the life-history and phenotypic
traits included in this analysis, metabolic rate was available
for the fewest populations and species (amphibians are par-
ticularly poorly represented; Johnson et al. 2018). Alterna-
tively, because GCs play important roles in mediating energy
mobilization (Sapolsky et al. 2000) and promoting activity
(Landys et al. 2006; Welcker et al. 2015), it is also possible that
GC variation is more closely associated with measures of en-
ergy use that incorporate activity (e.g., daily energetic expendi-
ture, maximal metabolic rate) than with the maintenance costs
assessed here (basal metabolic rate/standard metabolic rate).
Baseline GC levels were also higher in more energetically
costly thermal environments. As predicted, the relationship
between baseline GCs and mean seasonal temperature dif-
fered according to thermoregulatory strategy. Endotherms,
which generally face greater energetic demands in cold envi-
ronments due to the cost of thermoregulation (Scholander
et al. 1950; Weathers 1979; Anderson and Jetz 2005), had
higher baseline GCs when inhabiting colder environments.
In ectotherms, where metabolic rates generally scale posi-
tively with ambient temperature (Andrews and Pough 1985;
Schmidt-Nielsen 1997), baseline GCs were somewhat higher
in warmer environments. By contrast, mean seasonal temper-
atures did not predict stress-induced GCs. These findings are
consistent with selection favoring higher baseline GCs—but
not stress-induced GCs—when energetic need is greater.
The general pattern of higher baseline GC levels in more
energetically demanding thermal environments is consistent
with that seen by Hau et al. (2010), although that analysis
characterized environments categorically (e.g., mesic, tropi-
cal, cold, arid). The GC-temperature patterns seen here differ
somewhat from those in a recent comparative analysis focus-
ing on thermal dependence of GC responses in birds and
reptiles (Jessop et al. 2016), which tested whether the annual
thermal characteristics of the environments predicted GC
levels (regardless of whether the species in question were
present or active year-round). In that analysis, baseline GCs
were higher in reptiles inhabiting environments with cooler
mean annual temperatures and higher in birds inhabiting en-
vironments with greater maximum annual temperatures;
stress-induced GCs were higher in environments with lower
minimum annual temperatures in birds but were unrelated to
annual environmental temperature in reptiles (Jessop et al.
2016). The discrepancies between the findings of this analysis
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and that of Jessop et al. (2016) could result from differences in
the environmental parameters tested: our analysis used envi-
ronmental data only from the season in which populations
were sampled in a given location, rather than characterizing
measures of seasonality or annual environments at a given lo-
cation. We made the decision to focus on environmental data
from the season of measurement because many populations
in this data set are migratory and because GClevels can change
within populations or individuals across seasons (Romero
2002). Nevertheless, environmental seasonality may play an
important role in driving patterns of resource availability and
relative risk, in addition to thermal evolution, in ways that
could shape GC levels at macroevolutionary scales.

Precipitation levels strongly and negatively predicted base-
line GCs but not stress-induced GCs. This pattern is consis-
tent with baseline GCs being elevated in harsher environ-
ments and could result from precipitation-driven differences
in average resource availability or risk, or the cost of main-
taining homeostasis under different precipitation regimes.
The relationship between measured precipitation levels and
GCs has not previously been examined in a phylogenetically
controlled analysis, but environmental aridity (coded as “arid”
or “not arid”) was not retained in the top models of baseline
GCs in passerine birds (Hau et al. 2010). The specific path-
ways through which precipitation may influence GC-fitness
relationships will require additional targeted study; however,
the general importance of precipitation as a selective factor
has been demonstrated in a recent global analysis of selection
differences across different precipitation regimes (Siepielski
et al. 2017).

Although HPA activation is widely hypothesized to be
an important mechanism for coping with unpredictable en-
vironments (Wingfield 2003, 20134; Romero et al. 2009; Liebl
and Martin 2012; Rubenstein et al. 2016), neither baseline nor
stress-induced GCs were predicted by environmental varia-
tion. The relationship between short-term environmental
variation and circulating GCs has not to our knowledge been
tested across species, but environmental unpredictability ap-
pears to increase the strength of purifying selection on the GC
receptor gene (Nr3cl) across African starling species (Hof-
meister and Rubenstein 2016). It is conceivable that variation
in other aspects of the HPA axis (or other phenotypic media-
tors) better predicts the capacity to cope with stressors than
circulating baseline or stress-induced GCs (Wingfield 2013a;
Hofmeister and Rubenstein 2016; Taff et al. 2018b). It is also
possible that the metrics of environmental variation used here
do not adequately capture true unpredictability or variation
on the most relevant timescale. For example, intraseasonal
variation may only loosely predict very short-term environ-
mental variation (e.g., intra- or interday), which could be an
important selective force. Nevertheless, intra- and intersea-
sonal variation in temperature and precipitation have been
used as metrics of environmental uncertainty in other large-
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scale analyses (e.g., Jetz and Rubenstein 2011). Annual varia-
tion in environmental characteristics also predicts variation in
selection gradients and differentials on global scales (Siepielski
et al. 2017).

The factor that best explained variation in stress-induced
GCs, the interaction between lifetime reproductive oppor-
tunities and breeding status, was also a significant predictor
within the omnibus model of baseline GCs; however, the na-
ture of these relationships differed. Organisms with fewer life-
time opportunities to reproduce (which are expected to invest
more in each reproductive attempt) had higher baseline GCs
and lower stress-induced GCs during reproduction. These
patterns are broadly consistent with the findings of a previous
analysis of birds actively engaged in parental care (Bokony
et al. 2009), which used a metric of brood value that incorpo-
rated both longevity and clutch size. A recent analysis, also in
birds, which incorporated data from the breeding and non-
breeding seasons, found that clutch size positively predicted
baseline but not stress-induced GC levels (Casagrande et al.
2018). The presence of this pattern at larger taxonomic scales,
and in a data set that includes many measures from species
and sexes that do not engage in parental care, suggests that
general reproductive investment may be a particularly impor-
tant driver of variation in GCs across populations and species.
The opposing relationships seen between baseline and stress-
induced GCs and lifetime reproductive opportunities also
emphasize that the same selective pressures can have differing
impacts on different components of HPA activity; this may
result from a difference in the primary receptor type bound
by baseline and stress-induced GCs (mineralocorticoid recep-
tor vs. glucocorticoid receptor).

Neither longevity nor sociality were strong predictors of
baseline GC levels (within the best-fit omnibus model) or
stress-induced GCs. The second-ranked model of stress-
induced GCs (which had a much poorer fit to the data than
the top model) included an inverse relationship with the de-
gree of sociality. This pattern is consistent with our prediction
that lower stress-induced GCs will be favored in group-living
species because of the elevated potential for social stress. How-
ever, a similar pattern could be generated by differences in
risk: if group living reduces the risk of predation or other chal-
lenges, this could also favor lower stress-induced GCs. Future
studies that take a finer-scale look at the relationships among
GCs, relative risk, and the potential for social stress could
shed light on how specific selective pressures related to soci-
ality may impact GC levels across populations or species
(Goymann and Wingfield 2004; Creel et al. 2013).

Additional Findings: Sex, GC Type,
and Phylogenetic Structure

Sex was not a significant predictor of baseline GCs, but fe-
males had lower stress-induced GCs across tetrapods. Be-

cause elevated GCs can be particularly costly to reproduc-
tion, this pattern could reflect a protective role of GC
evolution reducing stress-induced levels more in the sex
that tends to invest more in each reproductive attempt.
Most previous phylogenetically informed analyses of ste-
roid hormones have either included males only or aver-
aged data from both sexes, but two analyses in birds sup-
port this hypothesis (Békony et al. 2009; Casagrande et al.
2018). Our finding that sex does not predict baseline GCs
across tetrapods is consistent with patterns observed in mam-
mals (Haase et al. 2016) but not in birds (Casagrande et al.
2018).

GC type was not a significant predictor of either baseline
or stress-induced GC levels. However, this analysis likely
had limited power to detect these differences because a ma-
jority of the measures included in these analyses came from
species that use corticosterone as the primary GC (birds,
reptiles, amphibians, and most rodents). Although mam-
mals are not underrepresented in the HormoneBase data set
(Johnson et al. 2018), the strict filtering process implemented
here excluded the majority of samples from free-living mam-
mals, as well as fish, which were generally not collected under
conditions conducive to obtaining true baseline samples. Fu-
ture comparative work would benefit from prioritizing the
sampling of free-living populations of these taxa in ways that
enable true baseline levels to be detected.

The random effects of species, vertebrate group, and lab
identity were significant. Both baseline and stress-induced GCs
showed a strong phylogenetic signature (Pagel’s A > 0.88);
thus, closely related species tend to have similar relationships
between environment/life history and GC levels. This finding
is generally consistent with previous comparative analyses
within vertebrate groups (e.g., Jessop et al. 2013, 2016; Haase
et al. 2016; Francis et al. 2018; but see Hau et al. 2010; Eikenaar
et al. 2012; Garamszegi et al. 2018). Lab identity was included
to account for the effects of variation in capture and sampling
methods and assay technique (Fanson et al. 2017) on circulat-
ing GC levels. Unsurprisingly, lab identity was significant in
both best-fit models, which is consistent with the only previ-
ous phylogenetic comparative analysis that included this fac-
tor (Bokony et al. 2009). However, its effect was substantially
weaker than that of phylogenetic relatedness in both models.

Comparative Analyses of Plastic Traits:
Caveats and Future Directions

Although comparative analyses of mean trait values across
populations or species have provided significant insights
into the evolution of behavior, physiology, and other labile
traits, it is important to remember that such analyses can-
not fully differentiate between evolved differences and en-
vironmentally driven plasticity in trait expression (e.g.,
Dupoué et al. 2018). GCs can markedly vary within as well
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as among individuals (Williams 2008; Cockrem 2013), al-
though hormone levels do not appear to have greater within-
population variation than many other trait types (Miles et al.
2018). Despite this variation, GC levels are repeatable at both
the level of individuals and that of populations (Garamszegi
et al. 2018; Taff et al. 2018a), and numerous studies have
shown evidence of evolved differences in GC levels (e.g., Sat-
terlee and Johnson 1988; Pottinger and Carrick 1999; Baugh
et al. 2012). Disentangling the extent to which hormone-
fitness relationships represent adaptive plasticity or are in-
dicative of natural selection is a key challenge in evolutionary
endocrinology (Bonier and Martin 2016). Large-scale com-
parative analyses such as this can be particularly fruitful for
identifying and comparing putative selective pressures oper-
ating on endocrine traits, which can then be probed through
an array of other approaches (Bonier and Martin 2016; Vito-
usek et al. 2018b).

Particularly promising future directions include using tar-
geted experimental manipulations and selection experiments
as well as comparisons of populations inhabiting different en-
vironments to explore the extent to which the factors identi-
fied here alter GC levels. As GC and life-history data accumu-
late, especially in undersampled taxonomic groups, future
large-scale analyses will be important for testing the general-
ity of patterns in GC variation. Similarly, the increasing prev-
alence of data on other components and modifiers of the
HPA axis (e.g., negative feedback efficacy, corticosteroid-
binding globulin levels, receptor distribution)—several of
which have been linked with fitness in natural populations
(e.g., Romero and Wikelski 2010; Patterson et al. 2014)—
will ultimately enable a much more comprehensive view
of how endocrine function is shaped by selection. Finally,
while phylogenetically informed comparisons of endocrine
traits have thus far focused solely on population or species
means, understanding how and why within- and among-
individual endocrine variation differs—across populations
and species—could yield particularly important insights into
the evolution of these important phenotypic mediators.
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