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population health. Our results suggest that, while variation 
in baseline corticosterone may be a useful predictor of 
larger-scale environmental traits such as overall food avail-
ability and fitness-related traits such as reproductive suc-
cess, this hormone may not be sensitive enough to detect 
variation in body condition, foraging effort, and breeding 
effort. Overall, our results support recent work suggesting 
that the use of baseline glucocorticoids as conservation bio-
markers is complex and highly context dependent, and we 
suggest caution in their use and interpretation as simplified, 
direct biomarkers of fitness.

Keywords  Glucocorticoids · Systematic review · Cort-
fitness · Biomarker · Food availability · Seabirds

Introduction

Ocean ecosystems have experienced extensive changes in 
biodiversity and species abundance as a result of anthropo-
genic impacts (Hoegh-Guldberg and Bruno 2010). Unfor-
tunately, isolating the precise mechanisms underlying these 
changes has not always been straightforward (Halpern 
et al. 2008). Increasingly, wide-ranging marine vertebrates 
are being employed as useful and biologically relevant 
bio-monitoring tools of both fine- and large-scale varia-
tion in oceanic conditions (Hussey et  al. 2015). Seabirds 
(penguins—Sphenisciformes, petrels/albatrosses—Pro-
cellariiformes, gannets and cormorants—Pelecaniformes, 
and gulls and auks—Charadriiformes; Fig.  1) represent 
an increasingly well-studied and diverse sub-group of 
predators, and are often considered prime biomonitoring 
tools given their wide distribution and reliance on oceano-
graphic patterns across large spatial areas (Piatt and Syde-
man 2007). Specifically, because oceanic environments 

Abstract  Many ecosystems have experienced anthro-
pogenically induced changes in biodiversity, yet predict-
ing these patterns has been difficult. Recently, individual 
behavioural and physiological measures have been pro-
posed as more rapid links between environmental variation 
and fitness compared to demographics. Glucocorticoid hor-
mones have received much attention given that they mediate 
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can reliably predict environmental and fitness-related traits 
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mental studies examining baseline corticosterone as a pre-
dictor of fitness-related traits relevant to predicting seabird 
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are changing rapidly, yet are so large and complex to 
study, seabirds have the potential to act as very practical 
and sensitive biomarkers to changes in oceanic patterns, 
food supply and location, and temperature regime shifts 
for a number of reasons (Frederiksen et al. 2007; Parsons 
et al. 2008). First, seabirds range over very large areas of 

temperate, tropical and polar oceans during different stages 
of their life-history (e.g. breeding, migration and winter-
ing; Weimerskirch et al. 2014). Second, because many sea-
bird species are central place foragers, a result of colonial 
breeding (Orians and Pearson 1979), researchers also often 
have the capacity to monitor individuals and populations to 

Fig. 1   Diversity of seabird species studied worldwide. a Black-
legged kittiwake (Rissa tridactyla), S. Descamps b african penguin 
(Spheniscus demersus), K. Hick c thick-billed murre (Uria lomvia), 

G. Sorenson d northern fulmar (Fulmarus glacialis), M. Mallory e 
antarctic petrel (Thalassoica Antarctica), S. Descamps f tufted puffin 
(Fratercula cirrhata), K. Elliott
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determine causal links between large-scale oceanographic 
change and individual fitness and/or population health (Sat-
terthwaite et  al. 2012; Descamps et  al. 2013). Third, sea-
birds are experiencing significant population declines with 
28% of species listed as globally threatened and 10% near 
threatened (BirdLife International, Croxall et  al. 2012). 
Finally, many of these declines are thought to be both 
directly and indirectly related to anthropogenically induced 
changes (e.g. Bodey et  al. 2014). As such, it is important 
to ensure biomonitoring tools reflect the impacts of envi-
ronmental variation on factors important to population 
demographics.

Traditionally, examining how environmental variation 
impacts the health of colonially breeding species has been 
accomplished via the long-term monitoring of population 
demography (Gaston et  al. 2012; Descamps et  al. 2013). 
Indeed, demographic studies have been important for 
inferring broad-scale linkages between oceanic changes 
and seabird colony trends (Paleczny et al. 2015). However, 
given that trends often show long temporal lags between 
environmental variation and population responses (Ewers 
and Didham 2006), they can be less effective for predic-
tive, proactive or rapid-response management endeavours 
(Satterthwaite et  al. 2012). In response to this informa-
tion gap, integrative ecology has seen a surge in the use 
of field analytical techniques aimed at connecting finer-
scale, individual-level mechanisms (e.g. behaviour, stable 
isotopes, immune system metrics, energetic physiology) 
as biomarkers of larger-scale environmental change with 
the hope of ultimately predicting population responses 
before they occur (Ozgul et al. 2010; Moody et al. 2012; 
Cooke et al. 2013; Ramos et al. 2014; Hussey et al. 2015). 
By focusing on specific traits that can reveal how envi-
ronmental variation is impacting individuals, it is hypoth-
esized that researchers can extrapolate these mechanisms 
to the population level and proactively determine how 
and why a given population may be changing (Madliger 
and Love 2016). For example, Harding et al. (2007) stud-
ied behaviour in relation to food availability in Common 
Murres (Uria algae) and demonstrated that time budgets 
could indicate large-scale food availability within certain 
spatial ranges. The authors suggest that by establishing 
the link between prey species and murre foraging, seabird 
behaviour can ultimately be used as a tool for estimating 
aspects of ocean productivity. In addition, physiological 
traits have recently been employed to examine a diversity 
of responses to the environment across taxa (Cooke and 
O’Connor 2010; Chown and Gaston 2015), and conserva-
tion physiologists have increasingly focused their efforts 
on traits associated with energetic management (Madliger 
and Love 2015).

Glucocorticoids (often referred to as ‘stress hor-
mones’ for their role in the acute stress response; 

Benowitz-Fredericks et  al. 2008), such as corticosterone 
(CORT) in birds, play an important regulatory role at base-
line levels. Importantly, they provide a central function 
in allostasis by mediating variation in energetic demand, 
glucose management and foraging/feeding behaviour 
(Astheimer et  al. 1992; Ricklefs and WIlkelski 2002; 
Landys et al. 2006; Angelier et al. 2008). Given that base-
line glucocorticoids (GCs) should be sensitive to changes 
in the environment that impact allostatic management 
(McEwen and Wingfield 2010; Madliger and Love 2014, 
2015), it is not surprising that they are a recently popular 
trait measured in seabirds (Supplementary Material Fig. 
A1), and across avian species and other taxa (Bonier et al. 
2009; Busch and Hayward 2009). For example, Kitaysky 
and colleagues (Kitaysky et al. 1999, 2007, 2010; Satterth-
waite et al. 2012) have demonstrated that metrics of CORT 
from Common Murres have the capacity to reflect current 
and past food abundance, as well as predict both a decrease 
in reproductive performance and the disappearance of indi-
viduals from a declining colony. Links between CORT and 
individual condition (Angelier et  al. 2010) and reproduc-
tive success (Kitaysky et al. 2010) have also been reported 
in some seabird species, and while there is a general, but 
often complicated, assumption that variation in base-
line GC levels should correlate with fitness (Bonier et al. 
2009), empirical and meta-analytic studies have begun to 
indicate the often complex and context-dependent nature 
of the use of baseline GCs as direct links between envi-
ronmental change and fitness (Lanctot et  al. 2003; Hay-
ward et al. 2011; Strasser and Heath 2013; Dantzer et al. 
2014; Riechert et al. 2014; Madliger and Love 2016). As 
such, further work is needed to determine whether direct 
and predictive relationships exist between baseline GCs, 
fitness-related traits and environmental variation (Madliger 
and Love 2014; Thierry et  al. 2014; Madliger and Love 
2015). Crucially, while the frequent use of baseline CORT 
across seabird studies has resulted in a large body of 
research, we currently lack a quantitative assessment of 
how well these results predict key fitness-related traits that 
ultimately result in population-level changes.

The goal of the current paper was to evaluate whether 
variation in baseline plasma CORT can predict variation in 
metrics of fitness and the environment across seabird spe-
cies. Such a study is both timely and useful for conserva-
tion and seabird biologists alike given that a large body of 
published research relating CORT levels to various metrics 
of fitness and environmental variation in seabirds exists with 
no general summary or consensus. We compiled all papers 
linking seabird baseline CORT to regularly measured traits 
related to seabird fitness: body condition, effort at forag-
ing or nesting, and reproductive success, or to a key met-
ric of environmental quality: food availability. Given that 
all of these traits are assumed to relate to individual success 
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(Ponchon et  al. 2014) and are used in seabird literature to 
represent “success”, we consider these metrics ‘fitness-
related traits’. Thus, to quantitatively assess the viability of 
using baseline CORT as a physiological biomarker, we used 
a phylogenetically controlled meta-analysis to analyse gen-
eral trends between CORT and fitness-related traits using 
effect sizes. Given that it has commonly been assumed 
that elevated GCs have a negative association with fitness 
(although see Bonier et  al. 2009) and low environmental 
quality (Kitaysky et al. 2010; Satterthwaite et al. 2012), we 
predicted a negative association between elevated baseline 
CORT and most fitness-related measures (e.g. body con-
dition, food availability, reproductive success). However, 
given that baseline GCs are responsible for managing daily 
energetics (Angelier et al. 2007a), we also predicted a posi-
tive relationship with measures of individual effort in forag-
ing and nesting.

Methods

We performed a systematic review and meta-analysis in 
which we collected data on the relationship between CORT 

and fitness-related traits from the literature and tested 
whether this relationship was influenced by the type of 
trait examined, study methodology, and the phase of breed-
ing. We used Bayesian meta-regression techniques similar 
to Horvathova et  al. (2011) and Prokop et  al. (2012). We 
chose five fitness-related traits for the analysis based on 
their prevalence in the literature and the ease of obtaining 
similar data for both seabird researchers and conservation 
managers: body condition, foraging effort, nesting effort, 
food availability, and reproductive success (Table  1). We 
began with a Google Scholar and Web of Science search 
for the terms “corticosterone” and “seabird” (including 
papers available by June of 2015) across both correlative 
and manipulative studies that focused on links between 
baseline CORT and our chosen fitness-related traits 
(Fig. 2). We used only these general search terms to avoid 
missing papers that did not subscribe to the same terminol-
ogy for the fitness-related traits that we chose. Manipula-
tive studies included those, for example, where researchers 
either manipulated CORT levels directly (via implants or 
other supplementation), or manipulated the foraging ability 
or condition of individuals (via feather clipping or weight 
handicaps) and then examined impacts on CORT (e.g. 

Table 1   Descriptions and biological relevance of fitness-related traits used for grouping of effect sizes in meta-analysis examining relationships 
between CORT and fitness in seabirds

Fitness-related trait Specific traits compared to CORT Biological relevance

Condition Body mass, body condition index, age Individual condition can be related to performance and 
fitness

Foraging effort Number of foraging trips or dives, time at sea, effect of 
handicap

Altricial chicks and adult condition depend on parental 
foraging

Nesting effort Attendance (time), chick feeding rate Altricial chicks depend on parental foraging

Food availability Sampled food abundance, fed vs. control individuals Environmental trait, parents and chicks rely on food sources

Reproductive success Number or percent of chicks hatched or fledged, clutch 
size, chick mass

Metrics of reproductive output should relate to population-
level changes and individual fitness

Fig. 2   Flow chart showing 
process of finding, selecting, 
and removing studies in meta-
analysis
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Angelier et  al. 2007a; Leclaire et  al. 2011). Our searches 
were limited to studies of adult seabirds (Orders Sphenisci-
formes (penguins), Procellariiformes (tubenoses), Pelecani-
formes (gannets, cormorants, etc.), and the Charadriiformes 
(gulls and auks) during the breeding period (incubation, 
chick-rearing, or across both stages). Only studies of breed-
ing adults were included due to prevalence in the literature 
(few studies of chick CORT and fitness) and due to the 
challenges of monitoring most seabirds outside of breed-
ing. Of the 2129 papers returned from the initial search, the 
majority (2050) were rejected because they did not meet 
the basic criteria of pertaining to seabirds, CORT and fit-
ness (Fig.  2). We retained 79 relevant papers for more 
thorough analysis by including all seabird papers studying 
CORT and traits that could be related to fitness. We then 
removed an additional 48 unusable studies from this group 
for one of more of the following reasons: (i) contained no 
direct examination of a relationship between CORT and a 
fitness-related trait; (ii) had unusable statistics or no statis-
tics presented (i.e. only presented figures and/or estimates 
of p value); (iii) examined stress-induced as opposed to 
baseline CORT levels; or (iv) did not measure adults. Our 
final dataset contained 31 published papers (Supplementary 
Material Ref. A1) and one unpublished dataset (K. Elliott, 
G. Anderson and T. Gaston, unpublished data from collabo-
rators) representing 16 species, with between one and 13 
studies published on each species (Supplementary Material 
Table A1).

We examined all relevant papers and recorded each sta-
tistic, p value, and sample size presented for a reported 
relationship between CORT and a given fitness-related 
trait. Correlation coefficients (r) were used when available 
as they already represent effect sizes. In the absence of cor-
relation coefficients, we used F values, t statistics, and Chi 
square values. Several studies presented none of this infor-
mation, and as such p values were then used. We classified 
each effect size by: (i) type of study (correlational or exper-
imental); (ii) reproductive stage (incubation, chick-rearing 
or across both stages); and (iii) fitness-related trait (adult 
condition, effort foraging, effort nesting, food availability 
or reproductive success, Table  1). These broad categories 
were used to determine whether certain fitness-related traits 
more strongly correlated with baseline CORT than others.

All analyses were performed in the R environment 
(3.1.2) using R Studio (0.99.879) as the working interface. 
Using the R package compute.es, we first calculated effect 
sizes as correlation coefficients (r) with a 95% confidence 
interval for every relationship found (Cooper et al. 2009). 
However, because r values are bounded at −1 and 1 and, 
therefore, do not meet the assumptions of parametric analy-
ses, we transformed the values to Fisher’s Z and calculated 
the appropriate sampling variance and standard error of 
variance according to the standard methods (Boncoraglio 

and Saino 2007). The Fisher’s Z values and the correspond-
ing sampling variance were used for further analysis.

Although all species in the current analysis are sea-
birds, and thus represent an already narrowed phylogenetic 
group, controlling for phylogenetic effects remains impor-
tant (Adams 2008) as phylogenetic relationships could 
explain some variance in the relationship between CORT 
and fitness. To account for phylogenetic relationships in 
our analysis, we created a phylogenetic tree including all 
species in our dataset. First, we sampled 1000 trees based 
on our species list from birdtree.org, using the Hackett tree 
backbone (Hackett et al. 2008; Jetz et al. 2012). Then, we 
calculated the maximum clade credibility tree using tree 
annotater from the BEAST software, using the default set-
tings (burnin = 0, node heights = median, output = maxi-
mum clade credibility tree) (Drummond et al. 2012).

The meta-analysis was conducted using the R package 
MCMCglmm version 2.22 (Hadfield 2010). We first created 
univariate models without intercepts with fitness-related 
trait, study method, and breeding stage independently as 
the fixed effect in each model, with phylogenetic and non-
phylogenetic versions of each. These models are useful for 
comparing different levels of each variable to 0, but do not 
control for any covariates. We then created a series of eight 
multivariate models incorporating our three fixed effects 
and used the deviance information criteria (DIC) to choose 
the best models. A phylogenetic and non-phylogenetic ver-
sion of each model was run, and species and individual 
study were included as random factors in all analyses. Our 
series of models (see descriptions in Table 2) tested first for 
an overall relationship between CORT and fitness (M1 and 
M2, non-phylogenetic and phylogenetic respectively), then 
for a relationship within each fitness-related trait (M3 and 
M4), then for fitness-related trait relationships by the study 
method (M5 and M6), and finally also including breeding 
stage as a fixed effect (M7 and M8).

For all models, we used the random effect prior of V = 1, 
ν =  0.02, which specifies an inverse Gamma distribution 
with a degree of belief of 0.02, widely used in the statistical 
literature (Gelman and Hill 2007). Each MCMC chain was 
run for 1.1  million iterations, with a burn-in of 100,000, 
and a thinning interval of 1000, to produce a sample size 
(posterior distribution) of 10,000 samples. We checked 
convergence of model parameters using the potential scale 
reduction statistic (PSR; Gelman and Rubin 1992) and the 
multivariate potential scale reduction statistic (mvPSR; 
Brooks and Gelman 1998), calculated using the coda pack-
age (Plummer et al. 2006). To perform these tests, we ran 
two additional MCMC chains for each model (M1–M8), to 
produce a total of three chains per model (these additional 
chains were only used for convergence testing; all reported 
results are based on the first chain only). The potential scale 
reduction statistics compare among-chain and within-chain 
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variance, and should be less than 1.1 if chains are converg-
ing well (Gelman and Rubin 1992). In all our models, the 
PSR values were less than 1.01 for all parameters, and the 
mvPSR values were less than 1.02. Additionally, we visu-
ally checked chain mixing and autocorrelation using trace 
and density plots produced in coda. In all cases, chains 
appeared to be mixing well and had low autocorrelation.

Meta-analytical results can be influenced by a publication 
bias towards studies with large effect sizes. To test for signs 
of publication bias in our dataset, we conducted a visual and 
statistical analysis based on the inspection of funnel plots 
and running Egger’s regression (Egger and Smith 1997), 
respectively. To account for phylogenetic relationships 
when assessing publication bias, we followed the modified 
approach to Egger’s regression outlined in Nakagawa and 
Santos (2012), which uses the residuals from meta-regres-
sion models as the input variable in the Egger’s regression to 
account for heterogeneity due to phylogeny and the random 
effect structure when assessing publication bias. We used 
our best fit model (Model 3) to conduct the Egger’s regres-
sion analysis. When the intercept of the Egger’s regression 
is significantly different from 0, the analysis can be inter-
preted as showing evidence of publication bias. In our case, 
β0 = −0.04, 95% CI (−0.19, 0.11), p = 0.57. Additionally, 
we visually assessed funnel plots for evidence of asymmetry 
and outliers (Supplementary Material Fig. A2).

Results

In both the phylogenetic and non-phylogenetic univariate 
models, there were significant negative mean effect sizes 
for food availability [Fig.  3; non-phylogenetic meta-ana-
lytic mean Zr = −0.56, 95% CI (−0.96, −0.14)] and repro-
ductive success [Fig.  3; non-phylogenetic meta-analytic 
mean Zr = −0.31, 95% CI (−0.50, −0.11)], but no strong 

correlation for any other fitness-related trait. There was 
no difference in correlation strength or direction between 
study method and breeding stage in the phylogenetic or 
non-phylogenetic models (Fig. 3). Overall, results indicate 
that baseline corticosterone was able to predict overall food 
availability and reproductive success, but not body condi-
tion, foraging effort or breeding effort (Fig. 3).

After comparing deviance information criterion (DIC) 
values between our eight models, M3–M6 were all within 
two DIC values and, therefore, were considered to be com-
petitive models (Table  2). These four models all showed 
similar significant effects for food availability (Supple-
mentary Material Table A2; Zr around −0.5) and repro-
ductive success (Supplementary Material Table A2; Zr 
around −0.25). Models 5 and 6 both showed similar non-
significant effects for the estimation of study method (Sup-
plementary Material Table A2; experimental around 0.19). 
While no individual model could be classified as the strong-
est, the set of top models all suggested similar results.

Discussion

To proactively monitor the health of wildlife, researchers 
and conservation managers are increasingly looking towards 
sensitive individual-level metrics (e.g. physiology, behav-
iour, movement) in lieu of slower-responding demographic 
measures (Berger-Tal et al. 2011; Cooke et al. 2013, 2014; 
Madliger and Love 2015). Amongst the suite of physi-
ological parameters proposed as biomarkers, GCs are often 
assumed to be reliable indicators of environmental impacts 
because they are closely tied to energetic management 
(Angelier et  al. 2010) and food resources (Kitaysky et  al. 
2007) and, therefore, presumably to broader-scale environ-
mental quality (Landys et  al. 2006; Madliger et  al. 2015). 
However, recent work has cautioned against the widespread 

Table 2   DIC values and 
variance components (study, 
species, and phylogeny) for 
eight models compared to 
determine whether fitness-
related traits relate to baseline 
corticosterone in seabirds

All models included random effects for study and species and were run with and without phylogenetic 
control

Model Fixed effects DIC Variance components

Study Species Phylogeny

M3 Fitness-related trait 150.022 0.176 0.166 –

M5 Fitness-related trait and study method 150.458 0.168 0.179 –

M4 Fitness-related trait 151.655 0.156 0.155 0.185

M6 Fitness-related trait and study method 152.007 0.144 0.164 0.205

M7 Fitness-related trait, study method, and 
breeding stage

155.339 0.167 0.161 –

M8 Fitness-related trait, study method, and 
breeding stage

156.709 0.148 0.153 0.199

M1 Intercept 157.758 0.238 0.166 –

M2 Intercept 159.452 0.217 0.150 0.174
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use of GCs as biomarkers without first testing how well they 
relate to environmental variability and measures of fitness 
(Madliger and Love 2014, 2016). We performed a system-
atic review and meta-analysis to examine the correlation 
between baseline CORT levels and fitness-related traits in 
seabirds (recognized as important sentinel species due to 
their high trophic position and worldwide distribution; Piatt 
et al. 2007). The strength of relationships between baseline 
CORT and fitness varied based on the fitness trait. As pre-
dicted, food availability and reproductive success showed 
significant negative trends; however, body condition and 
effort at foraging and nesting showed no relationship. More-
over, our models including fitness trait as a fixed effect were 
much better supported than the null model, indicating that 
our fitness proxies were rooted in biological relevance and 
are, therefore, a practical means of grouping relationships 
between GCs and fitness in this taxonomic group.

Strength and biological relevance of CORT‑fitness 
relationships

Body condition, which included measures such as body 
mass index, mass gain and fat level, did not generally cor-
relate with baseline CORT. While individual studies did 
report significant results in these relationships (Supple-
mentary Material Table A1), trends were generally weak. 
Although body condition can relate strongly to environ-
mental conditions and to reproductive success (Wendeln 
and Becker 1999; Balbontín et  al. 2012), individuals may 
be able to sacrifice individual condition to benefit offspring 
to varying degrees (Jacobs et  al. 2013). Moreover, some 
Alcid species with extreme wing loading even exhibit adap-
tive mass loss (as a means to increase energetic efficiency) 
between the incubation and chick-rearing stages (Croll 
et  al. 1991), potentially making relationships between 
body condition and fitness difficult to interpret. Variation 

Fig. 3   Mean effect sizes from 
four models run with fixed 
effects for trait, stage, method, 
and intercept only. Both non-
phylogenetic a and phylogenetic 
models b are presented
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in seabird life-history may also confound this relationship 
as seabird parents’ ability to maintain their own condi-
tion during breeding may depend on the manner in which 
they carry food to offspring (whole or semi-digested prey) 
and the ability of offspring to survive for extended periods 
alone in the nest (i.e. need for constant feeding, predation 
risk, nest site dangers).

Neither effort during foraging, nor effort during nest-
ing, correlated with baseline CORT, though both traits 
showed weak positive trends. Foraging effort included at-
sea behaviours such as trip duration, amount of time diving 
for prey, and overall energy expenditure (i.e. daily energy 
expenditure—DEE). While these traits are predicted to 
relate to how well parents can care for their offspring and 
thus overall fitness (e.g. Weimerskirch et  al. 2000), indi-
vidual physiological management may obscure observable 
mean relationships with baseline CORT (Angelier et  al. 
2007b, c, 2009; Love et al. 2014). More specifically, it may 
be necessary to measure baseline CORT levels both before 
and after a foraging trip to fully appreciate how physiol-
ogy may predict foraging or nesting success (Madliger and 
Love 2014; Love et al. 2014). This is likely true for nesting 
effort traits as well, given that time spent on the nest and 
chick feeding rate should relate to nesting success and fit-
ness (e.g. Bukacinska et al. 2016).

In contrast to body condition and effort metrics, food 
availability showed a significant negative relationship with 
baseline CORT. Indeed, this was expected given baseline 
CORT’s metabolic role and the fact that this pattern has 
been documented in other non-seabird avian species [e.g. 
barn swallow (Hirundo rustica): Jenni-Eiermann et  al. 
2008; white ibis (Eudocimus albus): Herring et  al. 2011; 
zebra finch (Taeniopygia guttata): Lynn et al. 2010]. Impor-
tantly, food availability has been proposed as one of the 
major drivers of changes in seabird populations (Kitaysky 
et al. 2007). Despite this, we were only able to include six 
studies of food availability in our analysis, indicating that 
this is a potentially important area of research to expand 
upon in terms of pairing these data with the monitoring of 
circulating CORT levels (see below).

The strong relationship between baseline CORT and 
reproductive success could be similarly very important 
for proactively monitoring seabird populations and demo-
graphic trends. A review of the relationship between base-
line GCs and reproductive success across multiple taxa 
(Bonier et al. 2009) reported mixed results (positive, nega-
tive and neutral), indicating that verification of the GC-
fitness relationship is likely necessary in specific study 
systems (Bonier et  al. 2009; Madliger and Love 2014). 
For example, one key consideration when testing relation-
ships between GCs and fitness is life-history (Crossin et al. 
2016a). Patterns in baseline GCs differ between life-history 
strategies, stages and even within reproductive stages and 

favour different aspects of trade-offs (e.g. Love et al. 2004; 
Williams et al. 2008). Our quantitative analysis of relation-
ships between baseline CORT and reproductive success 
revealed that this trend is strongly negative across seabirds 
(a long-lived group of species) and across breeding stages. 
It is possible that because many long-lived seabird species 
are able to forgo reproductive attempts during harsher years 
to instead favour investment in future offspring, baseline 
CORT levels may more strongly correlate to reproduc-
tive outcomes, and may be more likely to show a negative 
relationship (Hau et  al. 2010). For example, such species 
may be less likely to possess mechanisms to resist social 
and environmental stressors in favour of successful breed-
ing, leading to correlations between high GC levels and 
reproductive abandonment (Wingfield and Sapolsky 2003). 
In general, in longer-lived seabird species, there is great 
potential for GCs to relate food availability to reproduc-
tive success, making them a strong biomarker if deployed 
within the appropriate system (e.g. Piatt and Harding 
2007).

We were careful to recognize potential biases in the cur-
rent literature. First, our meta-analysis as a whole showed 
no publication bias from unpublished significant studies 
or overly strong results in certain studies (based on Egg-
er’s regression). Second, we found no significant effect of 
the study method (experimental or correlational), though 
certain fitness traits are not represented evenly between 
methods. Most studies examining measures of foraging or 
nesting effort employed experimental methods to either 
increase the effort individuals faced (i.e. indirectly increase 
baseline CORT) or to increase baseline CORT directly. 
The lack of relationship with these effort-based traits and 
CORT, despite largely experimental methods, increases 
our confidence that CORT is not strong indicator of these 
traits overall. The opposite was true for the methodologies 
used in studies examining adult condition, food availabil-
ity, and reproductive success where correlational methods 
characterized the majority of studies. Moving forward, 
additional studies employing experimental manipulations 
of CORT in the context of body condition, food resources, 
and reproductive outcomes will help to refine our apprecia-
tion of how baseline CORT may interact with the intrinsic 
and extrinsic environment to influence fitness in seabirds. 
While the focus in the current analysis was upon energetic 
management and hence variation in baseline corticoster-
one, we nonetheless appreciate that variation in the corti-
costerone response to environmental stressors has also been 
shown to be related to fitness metrics in seabirds (Kitay-
sky et al. 1999; Chastel et al. 2005; Angelier et al. 2015). 
As such, future work on this trait may indeed complement 
our findings here and may be useful in future predictions 
of how seabird populations and species will be expected to 
respond to further environmental change. Finally, we found 
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no significant difference in mean effect size between corre-
lational and experimental methods. Overall, we have confi-
dence that the patterns we observed are not confounded by 
publication bias, or by a lack of consideration of methodo-
logical context.

Additional recommendations for using gcs as seabird 
biomarkers

It is clear from this meta-analysis and recent reviews (e.g. 
Bonier et al. 2009) that measurements of baseline GCs are 
not a perfect indicator for all fitness-related traits. Base-
line GC levels are highly context-dependent because they 
can respond to both external environmental conditions and 
to internal changes in state; thus, fitness-related traits like 
condition and effort are likely to vary based on an individu-
al’s regulation of its physiology and its efficiency at gaining 
and using energetic resources (Busch and Hayward 2009; 
Madliger and Love 2015; Hennin et al. 2016). None of the 
studies completed in seabirds investigated how changes in 
baseline GCs over time (i.e. flexibility) related to fitness-
related traits. However, there is growing evidence that the 
management of GCs over time may provide predictive 
capacity for fitness outcomes (Bonier et al. 2011; Ouyang 
et  al. 2011, 2013; Love et  al. 2014; Arlettaz et  al. 2015). 
This may be particularly important to consider in seabird 
species that make extended foraging trips, requiring careful 
management of somatic resources while also tending to the 
offspring. We urge future studies to consider how changes 
in CORT, rather than simply static measures, may provide 
information on foraging success and ultimately reproduc-
tive outcomes.

The large amount of CORT research in diverse sea-
bird taxa is testament to the desire of researchers and 
managers for a simple, holistic monitoring technique for 
this at-risk group of birds. The five fitness traits investi-
gated in this meta-analysis showed varying relationships 
with baseline CORT, indicating that some traits may be 
more sensitive or more easily monitored with baseline 
GCs, while other traits may require more in-depth study 
to adequately assess their potential connection with base-
line GCs. Indeed, seabird biologists have not sampled 
all fitness-related traits equally. For example, harder-to-
measure traits such as food availability were measured 
in only four of the studies in our analysis, while body 
condition and reproductive success were measured in 16 
and 17 studies, respectively. Focusing on certain environ-
mental and fitness-related traits such as food availability 
and reproductive success is important, not simply because 
these relationships showed significance in our meta-anal-
ysis, but because these traits can best link GCs to environ-
mental (food) changes and population demography. Stud-
ies measuring reproductive success in this meta-analysis 

looked at laying, hatching, and fledging. While some of 
these early fitness traits (e.g. clutch size) may be strongly 
linked to reproductive output in certain seabird species, 
focusing on fitness during chick-rearing should take prec-
edence to best predict chick survival and recruitment to 
assess population changes.

One of the primary studies linking food availability to 
baseline CORT in black-legged kittiwakes (Rissa tridac-
tyla) employed multiple methods of prey-species sam-
pling as well as experimental methods to rigorously test 
the relationship between average (population-level) CORT 
levels and food availability in the local ocean environ-
ment (Kitaysky et al. 2010). Although time consuming and 
often expensive, further testing of this relationship should 
ideally follow these types of broad prey sampling meth-
ods and work towards increasing experimental methods to 
further examine causal links between food availability and 
changing GC levels. Furthermore, recent evidence sug-
gests that unpredictable food availability (as opposed to 
simply the total amount of food available) may influence 
baseline GCs, indicating the importance of not only quan-
tifying total energetic constraints, but also temporal and 
spatial fluctuations in availability to fully understand how 
individuals may respond to changing resource levels (Fok-
idis et al. 2012). If the relationship remains strong between 
CORT and food availability across additional studies/
species, CORT levels in seabirds may indeed emerge 
as a very effective tool for sampling large areas of ocean 
productivity.

The next step to explicitly testing the usefulness of 
baseline CORT as a relevant biomarker in seabirds is 
the ability to scale up individual-level relationships to 
relate hormone levels to demographic patterns (adult/
chick survival, breeding recruitment, population changes). 
If CORT predicts current year reproductive success, it 
will be worth testing how well it can predict future year 
success, though it will be important to appreciate pos-
sible time lags between baseline CORT and population 
changes, since baseline CORT levels in 1 year will likely 
relate to future population changes. Importantly, evidence 
is accumulating that elevated CORT levels may lead to 
carry-over effects, influencing patterns of migration, 
overwintering, and subsequent breeding. For example, 
Schultner et  al. (2014) found that female black-legged 
kittiwakes exposed to a 3-day elevation of CORT dur-
ing breeding left the breeding grounds earlier and spent a 
longer time at the wintering grounds than control females 
and CORT-treated males. In addition, Crossin et al. (2013, 
2016b) found that feather CORT levels could successfully 
predict whether giant petrels (Macronectes sp.) and black-
browed albatrosses (Thalassarche melanophris) would 
breed or defer breeding in the subsequent year. Paired 
with the experimental and correlational evidence in other 
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avian and non-avian species indicating that GC measures 
can mediate carry-over effects (O’Connor et  al. 2010; 
Mark and Rubenstein 2013; Sanderson et al. 2014), these 
patterns illustrate the potential for using GC measures to 
predict variation in future investment and success. Par-
ticularly in seabirds, which are comparatively long-lived, 
it will be important to determine whether CORT measures 
taken at different times may be able to forecast multi-year 
reproductive success across species (e.g. Angelier et  al. 
2010).

While baseline GCs do play an important role in con-
necting an individual’s environment to its energetic 
demands, they are not the only mechanism that relate 
these states. Stress-induced or acute GC levels are also 
measured to relate to survival, though this relationship is 
also not fully understood, nor is it a clear pattern (Breuner 
et  al. 2008). While stress-induced GCs have potential in 
providing this relationship, there are logistical challenges 
in measuring acute GCs, e.g. consistent restraint proto-
col and multiple blood sampling. Importantly, other met-
rics can be easier to collect (e.g. ease of field collection, 
avoiding stress-induced samples) and less expensive to 
measure analytically. For example, energetic metabolites 
(triglycerides, beta-hydroxybutyrate, and non-esterified 
fatty acids; Guglielmo et  al. 2002) and measures of thy-
roid hormone can reflect the energetic state of individu-
als (Guglielmo et  al. 2002; Elliott et  al. 2013) and may 
additionally provide key information on foraging success 
and energetic constraints. Importantly, physiological pan-
els that combine multiple energetic metrics may provide 
the best indication of overall current state and, there-
fore, future reproduction or survival potential, and are 
one way in which physiological measures are currently 
contributing to tangible conservation success (Madliger 
et al. 2016). Finally, behaviour is increasingly studied in 
seabirds due to the continued development of small GPS 
units that can accurately collect behaviour in flight and 
on the water (Gaston et  al. 2013; Ponchon et  al. 2014; 
Weimerskirch et al. 2014). By pairing physiological met-
rics with behaviour, researchers can examine how changes 
in physiology may manifest as alterations in reproductive 
behaviour (Cooke et al. 2014; Madliger and Love 2015), 
thereby better understanding the mechanisms by which 
environmental change may influence seabird populations. 
Overall, pairing multiple metrics of physiology, behaviour 
and environmental quality (e.g. food availability) will be 
paramount to assessing baseline GC levels as monitor-
ing tools for seabird fitness and, ultimately, population 
demographics.
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