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Summary

1. Disturbances, or stressors, are pervasive in nature and profoundly influence fitness of indi-

viduals and, ultimately, species extinction risk. Glucocorticoid (GC) hormones affect multiple

physiological and behavioural traits regulating the responses of vertebrates to stressors. Cur-

rent understanding of what influences GC stress response variation among species is poor.

However, identifying environmental causes of species-level variation in the GC stress response

is important to understanding macroevolutionary patterns in this key physiological system and

potentially offers a metric for evaluating species risk to global change.

2. We tested whether GC stress response of 22 reptile and 66 bird species exposed to a uniform

capture stress protocol could be predicted from a GC stressor space model. This model predicts

that species-level variation in GCs results from multivariate selection from environmental

gradients and species-specific metabolic sensitivities. Thus, these multivariate selection interactions

delimit the cumulative selection intensity causing GC stress response variation among vertebrates.

3. Using phylogenetic generalized least square regression analysis, we ranked models incorpo-

rating putative variables pertaining to the corticosterone stress response (CSR) for reptiles and

birds separately. The top-ranked models explained between 14% and 33% of species variation

in the CSR. Models indicated that combinations of variables including increasing body mass,

net primary productivity and latitude influenced GC stress responsiveness in reptiles and birds.

4. We conclude that GC stress response variation among species represents, in part, evolution

to species-specific traits and large-scale environmental variation. Further improvement to pre-

dicting species variation in GC stress response could be achieved by expanding our stressor

space model to integrate microevolutionary and ecological processes.

5. There is a pressing need to identify physiological traits that predict species responses to

environmental change. Conceptually, the use of plasma GC levels as a species-specific marker

for environmental tolerance could be plausible. However, we identify three major knowledge

gaps and ensuing research areas to aid understanding of the utility of variation in GC stress

response as a metric for inferring how species might respond to global change.

Key-words: environmental variation, global change, macrophysiology, stressor space model,

stressors, vertebrate stress response

Introduction

Stressors are pervasive environmental and ecological dis-

turbance phenomena that have profound effects on the

ecology and evolution of organisms (Hoffmann & Hercus

2000; Badyaev 2005a,b). Stressors can impact both

physical and biotic components of an organism’s environ-

ment and thus represent complex selection phenomena

that influence different facets of an organism’s fitness. As

such, animals confront many, often interacting, sources of

stress. These include extremes in physical factors (tempera-

ture, oxygen, salinity), climatic stressors (drought and

storms) and biotic stressors (predation, competition

and social dynamics) (Wingfield et al. 1998; Hoffmann &

Hercus 2000). Depending on their pervasiveness, magni-

tude and frequency, stressors influence individual fitness*Correspondence author. E-mail: tjessop@unimelb.edu.au
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via costs to health, reproduction and survival. Ultimately,

they therefore can have profound effects on population

viability, species distribution ranges and extinction risk

(Hoffmann & Parsons 1991, 1997; Bijlsma & Loeschcke

2005).

To adapt to stressors, animals have evolved specialized

and multifaceted means of detecting, recognizing, mitigat-

ing and avoiding stressors (Badyaev 2005a,b). These

include physiological, morphological and behavioural

adaptations, which can be concurrently utilized to limit a

stressor’s negative fitness consequences (Wingfield et al.

1998). In vertebrates, responses to many different stressors

are largely regulated by specific hormones from two inter-

acting physiological systems: the autonomic nervous sys-

tem and the hypothalamic–pituitary–adrenal axis (HPA)

(Johnson et al. 1992; Sapolsky 2002; Romero & Butler

2007). The rapidly acting autonomic nervous system

releases catecholamines within seconds eliciting physiologi-

cal responses lasting seconds to minutes. The HPA pro-

duces glucocorticoid (GC) hormones (i.e. cortisol and

corticosterone), within minutes or hours of stressor expo-

sure. The physiological activity of GC hormones is sub-

stantially longer acting than catecholamines. Because GC

receptors are distributed widely in the body, GC hormones

can initiate a wide range of responses affecting behaviour,

metabolism and energy allocation, reproduction, growth

and the immune system (Sapolsky, Romero & Munck

2000; Dallman & Bhatnagar 2001; Sapolsky 2002; Romero

2004). These broad-scale responses adjust an organism’s

function to reduce the negative effects of stressor. Such

changes may cause temporary suppression of an individ-

ual’s life history (e.g. delays in reproduction or develop-

ment) to redirect resources into an ‘emergency’ state to

facilitate immediate survival (Wingfield et al. 1998;

Wingfield 2003, 2005; Wingfield & Kitaysky 2002; Romero

& Butler 2007).

Studies reporting individual- and population-level varia-

tion in vertebrate GC responses are relatively common (for

reviews see: Moore & Jessop 2003; Breuner, Patterson &

Hahn 2008; Bonier et al. 2009). Similarly, two theoretical

models: the allostatic load (Wingfield et al. 1998; Wingfield

& Ramenofsky 1999; McEwen & Wingfield 2003, 2010)

and reactive scope models (Romero, Dickens & Cyr 2009)

provide bioenergetic-based conceptual frameworks for

explaining individual variation in GC stress responsive-

ness. Increasingly, individual variation in GC levels is

viewed in an adaptive context for inferring fitness decisions

(Breuner, Patterson & Hahn 2008; Bonier et al. 2009).

More recently, comparative approaches have attempted to

understand how life-history variation could explain

between-species differences in stress-induced GC levels

(Bókony et al. 2009; Hau et al. 2010). For example, differ-

ence in reproductive investment strategies, in part, account

for stress-induced corticosterone levels in birds that vary

nearly tenfold (12–103 ng mL�1; Bókony et al. 2009).

However, a major gap in the understanding of this

ubiquitous vertebrate physiological response is to evaluate

what role macroevolutionary processes could play in

causing variation in GC stress responses among species,

especially as species-level geographical variation in GC

stress responses could have important implications for

how animals fare with respect to global change, overex-

ploitation and biological invasions (Busch & Hayward

2009; Cooke & O’Connor 2010).

A recent resurgence in macrophysiology (i.e. the inves-

tigation of variation in physiological traits over large

geographical, temporal and phylogenetic scales) has

clearly demonstrated how studies of physiological traits

can be applied to evaluate potential large-scale, including

global, patterns in species tolerance limits (Chown, Gas-

ton & Robinson 2004; Chown & Gaston 2008; Gaston

et al. 2009). These large-scale perspectives are essential

for understanding macroevolutionary variation in the dis-

tribution, abundance and adaptations of animals that are

otherwise not obvious at local scales (Chown, Gaston &

Robinson 2004; Gaston et al. 2009). Here we apply the

macrophysiological approach to evaluate variation in the

GC stress response across two major groups of verte-

brates – reptiles and birds. Both groups have a range of

single-species studies that have evaluated GC responses

to a largely standardized capture stress protocol (CSP),

making comparison between species possible. We extend

the existing individual-based GC models (e.g. allostatic

load model; Wingfield et al. 1998) and integrate the mac-

rophysiology construct that views physiological perfor-

mance of animals as a product of global patterns in

environmental conditions [e.g. temperature, elevation,

rainfall and net primary productivity (NPP)]. For exam-

ple, species that experience greater seasonal temperature

variation are in turn predicted to have mechanisms by

which they can cope with greater temperature extremes

(Addo-Bediako, Chown & Gaston 2000). Here too we

expect that a similar logic applies to species variation in

GC stress responses.

There are many potential covariates that are likely to

influence species differences in GC stress responses via

additive and multiplicative interactions. Hence, we posit

that a species GC stress response represents evolution to

multidimensional stressor space (i.e. analogous to Hutchin-

son’s definition of an organism’s ecological niche as an

n-dimensional hypervolume; Hutchinson 1957). We

develop a conceptual model representing multidimensional

‘GC stressor space’, which incorporates multiple stressor

or selection axes that putatively contribute to defining the

performance of the GC stress response in vertebrates

(Fig. 1). GC stress space should therefore comprise one

stressor axis for species-specific metabolic sensitivity

(a metabolic indicator of energetic resilience to stressors)

underpinning bioenergetic selection (i.e. the allostatic load

concept) for variation in the GC stress response. Addi-

tional axes for covariation in putative environmental fac-

tors induce further variance in the GC stress response that

ultimately defines the multidimensional GC stress space of

vertebrates. The point of intercept across different stressor
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selection axes represents a measure of species-specific

cumulative stress load (i.e. multivariate selection intensity).

For the most part, species presumably have evolved to dif-

ferent points in this stress space, and thus, we predict that

performance attributes of the GC stress response must also

vary.

Our general prediction, therefore, is that GC stress

response will increase with the respective stressor load

incurred by each species (Fig. 1). More specifically, we

suggest that species that are adapted to harsher environ-

ments such as higher latitudes or altitudes, greater temper-

ature extremes, lower environmental productivity and

lower rainfall would increase the stressor load, resulting in

greater GC stress response performance. We are mindful

to constrain these predictions to GC stress responses for

vertebrates in a non-reproductive state, to avoid reproduc-

tive selection suppressing GC stress levels to mediate

reproductive success (cf. Wingfield & Sapolsky 2003). Spe-

cies variation in GC stress responses should also covary

with species-specific metabolic sensitivity (i.e. higher mass-

specific metabolic rate). We predicted that species possess-

ing higher metabolic sensitivities further culminating in an

increased stressor load will have greater GC stress respon-

siveness (Fig. 1). In addition to across-species variation,

we predict that, given the pronounced differences in the

metabolic rate of reptiles (low as ectotherms) and birds

(high as endotherms), birds should in general exhibit

higher GC stress response performance than reptiles.

Finally, we examine the implications of species-specific

variation in GC stress response as a potential metric for

understanding and evaluating species tolerances to anthro-

pogenic global change.

Materials and methods

DATA SELECT ION AND STANDARDIZAT ION

Birds and reptile corticosterone stress-specific studies were

obtained from the literature. We used Web of Science to conduct

searches with the following keywords: corticosterone, acute

response, stress-series protocol, captive stress protocol, capture-

handling stress, standardized stress response protocol and stress

response protocol to identify appropriate studies. We further

refined our search to attempt to standardize studies to avoid

major sources of confounding variation in GC levels. Thus, sev-

eral criteria were necessary to satisfy inclusion of studies for anal-

yses. The key criterion for all studies was that each species had

been exposed to a standardized CSP to ensure a consistent stres-

sor among species. The CSP involves the rapid capture of an ani-

mal, followed by restraint and collection of an initial first blood

sample termed the basal sample taken within <3 min. The animal

is subsequently stressed in response to being held captive and

restrained for a relatively brief period of time (min–h) where one

or more blood samples are taken and subsequently analysed via

largely consistent radioimmunoassay (RIA) or enzyme immuno-

assay (EIA) protocols. To date, the CSP has been widely demon-

strated to elicit increased levels of circulating GCs in birds (e.g.

Wingfield, Smith & Farner 1982), reptiles (e.g. Lance & Elsey

1986), mammals (e.g. Boonstra et al. 1998) and fish (e.g.

Pankhurst & Sharples 1992), and as such is comparable across a
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Fig. 1. The glucocorticoid (GC) stressor space model provides a

conceptual framework for predicting species-level variation in

GC stress responsiveness. It centres on the notion that stressors

space (1) is a n-dimensional hypervolume of putative stressor

axes representing an interaction between species metabolic sensi-

tivity (i.e. the amount of mass-specific energy a species requires

to maintain homoeostasis in its environment) and n environmen-

tal axes representing effects of biophysical and environmental

gradients, where these axes intercept constitute species-specific

stressor loads representing cumulative selection intensity for GC

responsiveness. The lower figure (2) reduces n-dimensional stres-

sor space to a stress response surface on which species occupy

space pending their cumulative stressor load. Here, this is repre-

sented by a small bird occupying a temperate and climatically

extreme habitat constituting a high environmental load and a

sea turtle occupying a tropical benign environment constituting

a low environmental load. The cumulative stress load for each

species is further determined by the metabolic sensitivity of each

species with the endothermic bird scoring higher the ectothermic

turtle. Thus, the cumulative stressor load of the bird is higher

than the turtle, and hence, selection intensity for a more pro-

nounced (3) GC stress response is predicted. Thus, as stressor

loads differ among species, we predict differences in GC stress

response of vertebrates. The units on the axes are purely

arbitrary.

© 2012 The Authors. Functional Ecology © 2012 British Ecological Society, Functional Ecology

Macrostress 3



wide range of species. Ideally, for the GC stress response to be

considered a useful metric of a species stress response, it needs to

be repeatable. That is, if measured under similar contextual cir-

cumstances through time, the corticosterone stress response

(CSR) remains consistent for each species. There is evidence that

both basal and stress-induced levels of corticosterone are highly

repeatable within species (Bókony et al. 2009).

Additional criteria for inclusion of studies were that species

under consideration must not be experiencing adrenocortical mod-

ulation (e.g. attenuation of the GC stress response) that would

otherwise reduce their maximal GC response to stressors, for

example, during the breeding season (Wingfield & Sapolsky 2003).

We thus only considered studies that measured adult animals out-

side the breeding season to avoid ontogenetic and reproductive

variation in GC levels (Wingfield & Sapolsky 2003). If data were

presented as sex-specific responses for males and females, then we

averaged these responses to calculate a mean species GC stress

value. Similarly, if there were multiple measures across the year

for a species, we only considered data from the non-reproductive

period to limit the potential for seasonal variation in the GC stress

response. In some instance, multiple studies on the same species

(particularly for birds) had been conducted; in such instances, we

arbitrarily selected only a single study. If data were obtained from

individuals from several different locations, we only used these

data if the locations were within a 50-km radius, with one of those

locations specified as the study location, and corticosterone values

averaged across individuals. Studies that combined data from indi-

viduals from locations that were over a greater distance than the

50 km radius were discarded. Although there are potentially hun-

dreds of studies that have measured GC responses of birds and

reptiles to the CSP, using such criteria reduced the total number

of studies to 22 reptiles and 66 birds (see Appendix S2, Supporting

information for references).

We extracted a single corticosterone value from each species

conditional on the presence of a CSP. The value was obtained at

30 min (herein referred to the T 30 sample) post-initiation of the

CSP. This value represents a stress-induced measure of corticoste-

rone. Although capture stress response protocols can extend

beyond 30 min (particularly in reptiles), the T30 measure is one of

the most common endpoints used to evaluate physiological stress

responsiveness in vertebrates. For many studies, these corticoste-

rone values had to be interpolated from line graphs. To standard-

ize this process, the program DATATHIEF version III (http://

datathief.org/) was employed.

CORT ICOSTERONE STRESS METR IC

We defined a single performance measure of GC stress responsive-

ness for each species termed here in the CSR, estimated as follows:

Corticosterone stress response (CSR)

¼ the plasma corticosterone value measured

at 30min post-capture stress protocol

:

This metric represents one performance dimension of an ani-

mal’s stress response with CSR being linked to the relative rate

and hence magnitude of corticosterone synthesis produced after

30 of capture stress. This measure is expected to be intuitively

important, as experimental hormone studies in biology and medi-

cine indicate that both the rate and amount (and interaction) of

hormone delivery cause differences in hormone-mediated effects

on an organism (Urquhart, Fara & Willis 1984). Furthermore, this

measure makes it comparable to many other studies reporting GC

stress values of a similar nature.

We acknowledge that a key assumption of this metric is that

plasma corticosterone levels are highly indicative of an animal’s

physiological stress response. We accept that this may not always

be the case pending the influence of plasma binding protein kinet-

ics or receptor dynamics that also play a crucial part in regulating

corticosterone abilities to induce the vertebrate stress response

(Westphal 1983; Rosner 1990; Breuner & Orchinik 2002).

PUTAT IVE PREDICTOR COVARIATES

To evaluate species variation in GC stress metric, we considered

seven parameters as putative covariates that could be incorporated

into models to predict variation in GC stress response metrics.

For each species, we derived four environmental and one biologi-

cal parameter.

Location

Latitude and longitude generally were indicated in the text of the

study; however, there was a small minority that gave place names

instead of coordinates. In this case, Google Earth version 6

(Google Inc., Mountain View, CA, USA. http://www.google.com/

earth). was used to search for the place names and obtain the

coordinates.

Elevation

The elevation at the study site for each species was estimated from

each studies’ latitude and longitude coordinates in Google Earth.

Elevations were given in metres.

Temperature parameters

As temperature data specific to each of the studied locations were

not available, an approximation of the temperature around the

location sites was given. This was achieved in two steps, the first

being the identification of the closest weather station to the study

location in question. We did this using the package developed by

Ken Mankoff of NASA and Mark Chandler of Columbia Univer-

sity (available from http://edgcm.columbia.edu/~mankoff/Station-

Data/), which provides access to the NASA GISS GISTEMP

station data around the world. We then derived climatic data for

the relevant weather station from NASA’s Goddard Institute for

Space Studies (GISS) surface temperature analysis website (http://

data.giss.nasa.gov/gistemp/station_data/). From these data, we

extracted the average annual mean monthly minimum and maxi-

mum temperatures (°C). A measure of temperature seasonality

was also considered by calculating the coefficient of variation in

temperature by dividing the standard deviation of monthly mean

temperature by the mean annual temperature.

Net primary productivity

For each study location, we calculated a 10-year average of NPP

measured as grams of carbon produced per metre square per day

(g C m�2 day�1).

The data were produced from the Moderate Resolution Imag-

ing Spectroradiometer (MODIS) on NASA’s Terra satellite

(http://neo.sci.gsfc.nasa.gov), which is freely available.

Body mass

Because of the difficulty encountered attempting to obtain meta-

bolic rate data for each of the 89 species, we used body mass as a

surrogate of species metabolic rate in which mass-specific meta-

bolic rates allometrically decrease with increasing body mass

(Gillooly et al. 2001; White, Phillips & Seymour 2006). The
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average adult body mass, of the species in question, was taken

from specific studies or, if not mentioned, from BirdLife Interna-

tional’s online database (http://www.birdlife.org/datazone/species/

search) or from reptile guide books.

All data used in this study can be found in Appendix S1

(Supporting Information).

STAT IST ICAL ANALYSES

Intertaxon comparison of stress responsiveness

To evaluate a coarse-scale comparison of the CSRs of reptiles and

birds, a generalized linear model was used with a Gaussian error

distribution and log link on log-transformed corticosterone values

measured at 30-min post-CSP.

Phylogenetic regression models

Raw species values do not provide independent data for analysis

because of species’ shared common ancestry (Harvey & Pagel

1991). Therefore, we controlled for phylogeny in our analyses by

constructing phylogenetic generalized least squares (PGLS) mod-

els. These control for non-independence of species by incorporat-

ing information on the expected covariance between traits based

on the species’ phylogenetic relatedness (Pagel 1997, 1999). The

degree of phylogenetic signal in the observed data can be quanti-

fied as lambda (k) where k = 0 indicates no phylogenetic depen-

dence and k = 1 indicates the observed data strongly match the

expected covariance matrix generated under a Brownian motion

model of evolution. These calculations were implemented through

the use of the CAPER package in the R framework (version 2.13.1

http://www.r-project.org; R Development Core Team 2010).

We modelled the relationship between the log-transformed CSR

stress response metric and putative predictor covariates and compared

candidate models using Akaike’s Information Criterion corrected for

small sample size (AICc) (Burnham & Anderson 2002). PGLS analy-

ses were used to examine relationships between the CSR and the envi-

ronmental and metabolic variables. Specifically, we examined whether

the CSR of reptiles and birds were dependent on body mass, mean

minimum annual temperature, mean maximum annual temperature,

thermal seasonality, latitude, elevation and NPP.

To expedite the model selection process because of the seven predic-

tor parameters producing a large number of possible model combina-

tions, we used the automated model selection function in the R

package MuMIn (Barton 2009), which ranks model subsets using

AICc.

We restricted model complexity to up to three parameter com-

binations to prevent overfitting of models to data sets and to

improve model inference (Burnham & Anderson 2002). We pres-

ent the top three models evaluating the relationship between CSR

and variables in reptiles and birds. Additionally, an intercept-only

model (i.e. null model) was also included in model rankings to

ensure that our putative top-ranked models provided better sup-

port for the data than chance alone. A global model was also con-

sidered to better evaluate the relative support for reduced models

to make inference about the data. We also calculated the Akaike

weights (xi) of each model to provide an estimate of probability

that each model might be the best approximating model for our

data. From model subsets for the GC stress metric from each

taxon, we only report results from the top three ranked models

and the null and global models.

PHYLOGENIES

The phylogeny used in the analysis of birds was derived by prun-

ing the bird supertree phylogeny produced by Davis (2008). For

reptiles, a composite phylogeny was constructed from several

sources. Overall, relationships between the major groupings of

reptiles (Testudines, Crocodylia, Sphenodontida, Squamata) were

derived from Werneburg & Sánchez-Villagra (2009). Relationships

within Testudines were taken from Thomson & Shaffer (2010),

and within Squamata, from Wiens, Brandley & Reeder (2006),

with additional resolution for lizard species from Ord & Blumstein

(2002). Because these phylogenies do not all have branch length

estimates, we set branch lengths to equal length (=1) for our

analysis.

Results

GENERAL FEATURES OF CORT ICOSTERONE STRESS

RESPONSE

Comparison of species CSR indicated that reptiles and birds

differed significantly in their CSR (GZLM, Wald v2 = 31�23,
P < 0�001) (Fig. 2b,c) to a standardized CSP. Reptiles exhib-

ited a lower CSR (CORT 28�62 ± 4�77 ng mL�1) than birds

(CORT 41�29 ± 3�91 ng mL�1) at 30-min post-capture

stress.

EVALUAT ION OF PRED ICT IONS FOR EXPLA IN ING

CORT ICOSTERONE STRESS METR ICS

Reptile corticosterone stress response

The best model approximating variation in the CSR of rep-

tiles included a two-parameter additive model with a positive

effect of NPP and a negative effect of body mass responsible

for explaining 33%of variation in the stress-induced cortico-

sterone levels (Table 1). Model weight was strong

(xi = 0�53) and almost three times better supported than the

other two top two ranked models (DAICc = 2�12–2�17
xi = 0�18) that included elevation and body mass as putative

covariates. The best model was also substantially better sup-

ported than the intercept-only null model (DAICc = 3�01;
xi = 0�12) and global model (DAICc = 15�51; xi = 0�00).
The maximum likelihood lambda value for the best model
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Fig. 2. Mean taxa differences between reptiles and birds in their

corticosterone stress response measured at 30-min post-capture

stress protocol. The error bars represent the standard error of the

mean.
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(0�71) was not significantly different from 1 (likelihood ratio

test: P = 0�254), which indicates a substantial phylogenetic

signal in the analysis of CSR in reptiles.

Bird corticosterone stress response model

Corticosterone stress response in birds was best predicted

by a model that included latitude (positively) and NPP

(negatively) (Table 1). This model has good weight

(xi = 0�49), and the nearest competing models are simply

slightly more complex versions of this model (i.e. they are

the same model with additional parameters). Despite its

moderate R2 (14%), it serves as a much better model than

the null intercept-only model (DAICc = 5�96; xi = 0�03).
Again, there appears to be a strong phylogenetic signal in

these data with lambda for the best model = 0�85, which is

marginally not significantly different from lambda = 1

(likelihood ratio test: P = 0�053).

Discussion

Variation in the GC stress response is intuitively linked to

differences in organismal performance and presumed to

have major influences on fitness and life-history evolution

of animals (Breuner, Patterson & Hahn 2008; Bókony

et al. 2009; Bonier et al. 2009; Hau et al. 2010). We there-

fore might also expect that environmental stressors will

have been important selection processes underpinning the

substantial variation in the GC stress response across ver-

tebrates, and our results provide some evidence of this

effect. The GC stress response in reptiles and birds in part

being predicted by various environmental processes inter-

acting with the body mass (a surrogate of individual

species’ metabolic regimes) as defined in our stressor space

model (Fig. 1).

At a taxon level, birds had considerably higher GC

stress response (~69% higher corticosterone levels after 30-

min post-CSP) than reptiles. Intuitively, this is consistent

with the notion that ectothermic reptiles, through reduced

metabolic requirements coupled with a labile homoeo-

stasis, are inherently better able to endure biophysical

stressors without necessitating increased performance in

their HPA axis (Pough 1980). In contrast, endothermic

birds, where metabolic rate is on average a magnitude

greater, have an increased GC stress response. This is not

surprising as avian metabolic processes are highly cana-

lized with respect to performance around exceedingly nar-

row thermal set points. As such, higher increased rates and

amounts of corticosterone production presumably increase

birds’ ability to respond to environmental stressors and

reduce homeostatic departures that ultimately impose fit-

ness costs. Another possibility is that, on a broader phylo-

genetic scale, phylogenetic conservatism might explain the

substantial difference in stress response between reptiles

and birds more generally, although the major differences

in metabolism between the two groups seems a more likely

reason.

At the species level, different multivariate models pre-

dicted variation in two GC stress response metric of rep-

tiles and birds substantially better than a null model.

These results have three implications. First, they suggest

environmental- and species-specific variables have played a

definitive role in the evolution of GC stress response of

vertebrates. Second, the putative evolution of species-level

Table 1. Phylogenetic generalized least squares results for the top three ranked models explaining variation in the corticosterone stress

response (CSR) of reptiles and birds

Rank Reptile CSR models k R2 AICc DAICc xi

1 log(CSR) ~ npprod [0�39 ± 0�16] + log (body mass)[�0�12 ± 0�08] 0�71 0�33 65�68 0�00 0�53
2 log(CSR) ~ elev + log(body mass) 0�59 0�25 67�81 2�13 0�18
3 log(CSR) ~ log(body mass) 0�21 0�23 67�85 2�17 0�18
Null log(CSR) ~ 1 0�69 0�00 68�69 3�01 0�12
Global log(CSR) ~ maxtemp + mintemp + seasonality + npprod + log(body

mass) + elev + latitude

0�72 0�47 81�19 15�51 0�00

Rank Bird CSR models k R2 AICc DAICc xi

1 log(CSR) ~ npprod [�0�08 ± 0�05] + latitude [0�007 ± 0�002] 0�85 0�14 101�77 0�00 0�50
2 log(CSR) ~ maxtemp + npprod + latitude 0�84 0�15 103�76 1�99 0�19
3 log(CSR) ~ mintemp + npprod + latitude 0�85 0�14 104�01 2�24 0�16
Null log(CSR) ~ 1 0�86 0�00 159�10 5�96 0�03
Global log(CSR) ~ maxtemp + mintemp + seasonality + npprod + log(body

mass) + elev + latitude

0�89 0�26 160�36 2�83 0�12

Model parameter descriptions: mintemp, minimum annual monthly temperature recorded at study site; maxtemp, maximum annual

monthly temperature recorded at study site; seasonality, annual temperature variation recorded at study site; latitude, latitude of study

site; elev, elevation of study site; npprod, net primary productivity of study site and body mass, maximum adult body mass for each

species.

Results presented include model rank, model description, extent of phylogenetic dependence (k), a measure of model fit (R2), Akaike

Information Criterion corrected (AICc), model delta (D) and model weight (xi). The beta coefficients for each parameter in the most parsi-

monious model are presented within the square brackets.
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variation in GC stress response is a likely product of

complex multidimensional selection. Third, the differing

nature of the models explaining variation in CSR in the

different taxa implies complex interactions in macroevolu-

tionary processes delimiting performance attributes in the

GC stress responses of vertebrates. Such outcomes reflect

similar findings from other macrophysiology studies imply-

ing complex evolutionary variation in physiological traits

responding to varying extents to putative environmental

processes (Chown, Gaston & Robinson 2004).

The CSR of reptiles covaried negatively with body mass

and positively with net primary production. The effect of

body mass effect is quite intuitive for several reasons.

From a metabolic perspective, larger species possess lower

mass-specific metabolic demands that could facilitate

reducing the GC response. Moreover, increased body mass

could also simply buffer animals against many short-term

(but not long-term) environmental and ecological stressors

by affording morphological and physiological respite to

stressors (Chown & Gaston 2010). Together, body mass

could directly and indirectly (via decreased mass-specific

metabolic rate) offset selection for increased GC stress

response function, as homeostatic departures that inevita-

bly risk survival and presumably promote selection for

increased stress responsiveness are decreased with increas-

ing body mass.

However, why reptiles produce greater amounts of GC

in more productive environments (i.e. those associated

with higher NPP) is not intuitive. Other processes that

covary with environmental productivity may cause selec-

tion for increased GC responsiveness. For example, biotic

processes are often more complex in productive environ-

ments as a consequence of increased species diversity,

abundance and ecological interactions. Hence, reptiles,

inhabiting productive environs where biotic interactions

are more complex, may inherently be exposed to more

biotic stressors (e.g. intertaxon competition or predation)

necessitating increased responsiveness in their GC

responses (Vermeij 1991). Second, as more productive

environments are typically associated with forests and par-

ticularly tropical forests, it is possible that many reptiles

occupying such environs are thermoconformers that expe-

rience relatively little thermal variation or indeed seasonal

environmental variation that inevitably selects for limited

scope in physiological tolerances. Indeed, tropical lizards

are expected to be more sensitive to climate warming than

lizards occupying more seasonal environs (Huey et al.

2009). However, irregular pervasive environmental distur-

bance such as storms and wild fire can greatly alter forest

habitat structure and ensuing environmental conditions for

ectotherms, and this may act as a key selection mechanism

to retain heightened GC stress responses in more produc-

tive environs for reptiles.

For birds, the CSR of birds was negatively correlated

with NPP but positively correlated with latitude,

suggesting that more productive environments at lower lat-

itudes necessitated reduced GC production in response to

stressors. This is intuitive as areas of high environmental

productivity could ameliorate impacts of stressors by

enabling birds to potentially have increased access to food

resources that increases energetic buffering and ultimately

adds homeostatic resilience. The GC stress response of

birds also increased with latitude. Given that latitude

implicitly represents broad-scale environmental differences,

it suggests that CSR of birds may result from multivariate

environmental selection, more so than the one or two spe-

cific environmental, or species-specific, variables as consid-

ered in this study. In general with increasing latitude,

increased environmental heterogeneity via highly seasonal

changes and increased frequency of pervasive weather phe-

nomena are expected. Together, such factors could act to

promote increased GC stress responses and ultimately sur-

vival in birds during non-reproductive life-history states.

Interestingly, for bird species that utilize such environ-

ments for other life-history events (e.g. notably breeding or

moulting activities), such broad-scale selection could also

select for more conserved stress responses (e.g. via adreno-

cortical modulation), whereby reduced stress responses

help facilitate life-history requirements or other physiologi-

cal tolerances and ultimately the fitness of birds during

such life-history events (Wingfield & Sapolsky 2003;

Breuner 2011).

The PGLS analysis for both birds and reptiles generated

lambda values approaching 1, indicating that the observed

data approximate the variation that would be expected

under a gradual Brownian motion model of trait evolu-

tion. This may suggest a strong phylogenetic component

to CSR in both groups, such that closely related species

tend to have more similar GC stress responses. While this

may result from these species also having similar environ-

mental niches and metabolic phenotypes, it could also sug-

gest that differences in GC stress response cannot evolve

rapidly and hence displays phylogenetic inertia when com-

paring across species (but see Revell, Harmon & Collar

2008; for difficulties in interpreting phylogenetic signal in

terms of evolutionary process). By contrast, Bókony et al.

(2009) found very weak phylogenetic signal (k < 0�01) in

models predicting basal and peak GC levels in birds. They

argued that stress hormone levels are not phylogenetically

conservative traits and may readily adapt to current condi-

tions. Our results for GC stress response suggest differ-

ently, although differences in the handling of uncertain

phylogenetic branch lengths between our study and theirs

(equal branch lengths here, branch lengths proportional to

number of descendent nodes in Bókony et al. 2009) may

affect calculation of lambda.

Given that our best models accounted for between 14%

and 33% of variation in GC stress response in birds and

reptiles, respectively, considerable unexplained variance

remained. This was expected from the outset as our model

framework per se did not consider many putative plausible

covariates that could also be responsible for explaining

variation in the GC stress response of these vertebrates.

There are many examples in the literature that attest to
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microevolutionary processes including life-history

variation (e.g. Hau et al. 2010; Robert & Bronikowski

2010), life-history state (e.g. reproductive state; Jessop

2001), epigenetic linkages (e.g. maternal stress; Weaver

et al. 2004), predation pressure (Boonstra et al. 1998;

Creel, Winnie & Christianson 2009) and phenotypic modu-

lation (e.g. food availability; Romero & Wikelski 2001)

influencing the GC stress response of animals.

Similarly, incorporating local weather condition variables

at the time of sampling could represent another important

source of variance acting on the GC stress response metrics

used in this study. Individually and cumulatively, these

factors represent additional sources of variance that were

not, nor could not in most cases be accounted for in our

study. However, ideally, we could incorporate these micro-

evolutionary (e.g. life-history variation), ecological,

weather, local environmental conditions and demographic-

specific axes into our stressor space framework to better

incorporate putative influences underpinning species GC

stress response variation among species.

Further, unaccounted variance between GC stress met-

rics and putative evolutionary processes is likely to arise

from the often cited, but rarely measured, effects of corti-

costeroid-binding globulin (CBG) levels and other direct

(e.g. CRF) or indirect mediators (e.g. catecholamines,

cytokines) (Breuner & Orchinik 2002; Romero 2002;

Romero 2004; Romero, Dickens & Cyr 2009). These

processes inevitably influence the amount of plasma GCs

produced in response to a stressor. Additionally, our gen-

eralized least square regression analyses implicitly assumed

linear relationships between GC response metrics and

putative covariates. There is no logical or theoretical basis

to assume this, as species GC responses to metabolic rate

or environmental gradients may well be curvilinear and

complex as expected from multivariate selection. These

factors ultimately influence the reliability of CGs as good

metrics of organismal stress responsiveness (Romero

2004).

Animals obviously possess many GC-independent

morphological, behavioural and physiological traits that

facilitate adaptation to environmental stressors. Depending

on how effective such traits are in mitigating stressors,

these traits could reduce selection for responsiveness in the

HPA axis causing uncoupling between species GC stress

levels and environmental stressors. For example, species

that are good dispersers (e.g. most birds) may mitigate

impacts of stressors by simply moving to avoid them and

in doing so reduce selection for increased GC stress

response. Similarly, hibernation/torpor offers an alternate

means of effectively dealing with environmental stressors

that may lead to reduced selection on the HPA axis and

ensuing GC stress responsiveness.

Currently, there is considerable interest in evaluating

physiological traits that directly (e.g. thermal tolerance), or

indirectly, influence species tolerance and hence underpin

ensuing individual fitness and ultimately demographic

responses to climate or global change (Helmuth, Kingsolv-

er & Carrington 2005; Chown et al. 2010). Recent

examples include studies considering how increased global

temperature will interact with thermal traits (e.g. limits,

breadth, optima and maxima of thermal performance) of

ectotherms to influence their fitness (Deutsch et al. 2008;

Huey et al. 2009). Of interest is how increasing global tem-

peratures will increase average body temperatures of tropi-

cal ectotherms. These species possess narrow thermal

tolerance limits: a presumed consequence of living in stable

aseasonal climates. When pushed above existing critical

thermal maxima, it is predicted that, in the absence of

plastic or adaptive responses, these climatic changes will

exert major demographic and potentially extinction-threat-

ening consequences (Deutsch et al. 2008; Huey et al.

2009).

Could species differences in CSRs also influence organis-

mal and ensuing demographic responses to global change?

Potentially, yes. The GC stress literature provides a good

conceptual framework that posits that both excessive and

insufficient GC stress responsiveness will, given particular

environmental contexts, impact organismal performance.

Excessive GC stress response is often termed allostatic

overload or chronic stress that arises when an individual’s

HPA axis experiences excessive stressor exposure or perva-

siveness, resulting in fitness loss often as a direct conse-

quence of GC-mediated effect on behaviour and

physiology (McEwen & Wingfield 2003, 2010). While this

is theoretically well conceptualized, there are relatively few

empirical studies showing fitness loss and ensuing demo-

graphic consequences of allostatic overload in wild popula-

tions. The obvious exceptions are the studies of predation

pressure exerted by predators on prey. Predation pressure

can cause potent indirect and negative GC-mediated effects

on individual fitness and cascade into decreasing prey pop-

ulation growth (Boonstra et al. 1998; Creel, Winnie &

Christianson 2009; Zanette et al. 2011). Similarly, GC hyp-

osensitivity or reduced GC stress responsiveness could lead

to fitness loss when individuals are unable to mount an

appropriate stress response resulting in inadequate changes

to physiology or behaviour to help avoid or mitigate fit-

ness impacts of stressors. This includes those species that

exhibit adrenocortical modulation whereby downregula-

tion of the HPA axis facilitates breeding opportunities at

the potential expense of their survival (Wingfield & Sapol-

sky 2003; Breuner, Patterson & Hahn 2008). An excellent

example is that of nesting sea turtles that have endured

recent shark attacks (Jessop et al. 2004). Despite possess-

ing often horrendous injuries, these turtles do not mount a

large GC stress response (relative to females in non-breed-

ing condition) and continue to lay eggs, prioritizing cur-

rent reproduction (via a limited GC response preventing

inhibition of reproduction) in a way that inevitably acts to

reduce female future survival (Jessop et al. 2004).

If species-level variation in stress response is indeed in

part an index of species sensitivity to stressors, then it is

conceivable that species with higher stress responses may

be more vulnerable to global change. As with increased

© 2012 The Authors. Functional Ecology © 2012 British Ecological Society, Functional Ecology
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multivariate selection (i.e. global change), we would expect

an increased cumulative stressor load (Fig. 1) of such spe-

cies, increasing hypersensitivity in the HPA axis to the

point that these species experience increased frequencies of

allostatic overload and ensuing negative fitness conse-

quences. Conversely, for species with low GC stress

responses (e.g. large-bodied reptiles), it could be argued

that in the face of increased stressor load that a reduced

GC stress responsiveness will be insufficient to mount

appropriate behavioural or physiological responses to suf-

ficiently mitigate the costs of increased stressor exposure.

However, we caution that much remains to be done to

better understand the utility of species variation in GC

stress responsiveness as a metric for inferring how species

might cope with global change. Unlike other physiological

traits (e.g. thermal tolerance metrics in ectotherms), we

simply do not know the upper and lower thresholds that

are required for GC responses to start reducing fitness and

cause negative demographic consequences for almost all

species. Because the performance of the GC stress

responses conceptually encompasses complex multivariate

selection, it makes defining the performance attributes of

GC stress response inherently difficult, especially given the

high degree of unexplained variance in GC responses

among species estimated in this study. For example, it is

quite conceivable that two species could exhibit very com-

parable GC stress responses with the rate and magnitude

of GC synthesis being similar in response to a uniform

stress protocol. However, if species are drawn from diver-

gent environments where different magnitudes or indeed

dissimilar selection pressures have inevitably produced

convergence in their GC stress responses, it further compli-

cates the understanding of how GC hormones influence

species responses to global change. Finally, we know little

of the phenotypic or adaptive potential of individual species

for modifying their GC stress responsiveness to altered selec-

tion. Understanding these two attributes is crucial for under-

standing the role of GC hormones, and indeed all traits, for

influencing species responses to future global change (Hel-

muth, Kingsolver & Carrington 2005; Chown et al. 2010).

These three substantial knowledge gaps impose considerable

uncertainty (but important future research challenges) for

ascertaining the utility of the GC stress response to influence

organismal performance and ultimately how individual spe-

cies might respond to global change.

In conclusion, this study represents a first attempt to

evaluate macroevolutionary patterns in endocrine-related

physiological stress tolerances of animals in relation to

environment. There is clear evidence to support the notion

that variation in the GC stress response can in part be

explained by putative large-scale environmental processes

interplaying with species-specific traits. Increasingly, mac-

rophysiological studies are being advocated as an impor-

tant tool to make inference about species tolerances and

potential responses to ensuing anthropogenic global

change (Chown, Gaston & Robinson 2004; Chown & Gas-

ton 2008; Gaston et al. 2009). There is a clear precedent

for this using plasma GC levels as a stress marker at small

scales (i.e. within populations to localized threatening pro-

cesses) (Busch & Hayward 2009; Cooke & O’Connor

2010). However, given the inherent variation in GC stress

responses among vertebrates, there is a pressing need to

further validate whether the use of GCs stress metrics is a

viable physiological marker of vertebrate performance

relating to broad-scale ecological and environmental

change. However, we believe several aforementioned key

knowledge gaps, however, must be first addressed to

achieve this to confirm the utility of GCs for predicting

species responses to anthropogenic global change.
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