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Feather-based measures of stable isotopes and
corticosterone reveal a relationship between trophic
position and physiology in a pelagic seabird over a
153-year period
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Diet during the non-breeding period inﬂuences condition and subsequent reproduction.
Physiological mechanisms underlying such carry-over effects are poorly understood but
could be clariﬁed by studying physiological responses to variation in diet during nonbreeding. The hormone corticosterone provides a functional link between diet and survival and reproduction, but methodological limitations have prevented previous studies
from testing the hypothesis that, on an individual level, avian corticosterone levels during
the non-breeding period reﬂect broader patterns in feeding ecology during that time.
Using museum specimens (1859–2002) and live birds (2012), we found that corticosterone from feathers (CORTf) is negatively related to trophic position (TP) inferred from
feather stable-nitrogen isotope values (d15N) in Leach’s Storm-petrels Oceanodroma leucorhoa. CORTf was not related to stable-carbon isotope values (d13C). We detected no
temporal trends in CORTf or d15N, and neither was related to a large-scale index of winter climate, suggesting a general ecological phenomenon rather than a reﬂection of historical environmental changes. However, we detected a temporal trend in feather d13C,
and d13C was related to d15N. Our ﬁndings suggest a physiological beneﬁt of feeding at
higher TPs, either through increased nutritional value or reduced foraging costs associated with higher TP prey, and future research should aim to distinguish between these
two explanations. Nevertheless, ours is the ﬁrst evidence of a correlation between individual endocrine levels and foraging ecology, and demonstrates non-lethal variation in a
physiological mediator in turn related to variation in resource use.
Keywords: carbon-13, carry-over effects, environmental stressors, foraging ecology, glucocorticoids,
North Atlantic Oscillation, nitrogen-15, non-breeding period, non-invasive biomarkers, seabird diet.
For many bird species, the non-breeding period is
longer than the breeding period, and studies have
increasingly highlighted the importance of non†
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breeding ecology to subsequent life-history processes (Chastel et al. 1995, Norris & Marra 2007,
Sorensen et al. 2009, Harrison et al. 2011). The
role of physiology in driving such carry-over effects
is poorly understood, partly due to the relative
inaccessibility of birds during the non-breeding
season, and best exempliﬁed by pelagic seabirds
that spend these periods at sea. Diet during
the non-breeding season can inﬂuence condition
(Ronconi et al. 2010) and subsequent reproductive
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performance (Chastel et al. 1995, Sorensen et al.
2009, Kouwenberg et al. 2013), suggesting a role
for diet in generating carry-over effects. Thus,
investigations of physiological responses to diet
during the non-breeding period could help identify
a potential mechanism underlying such effects.
The glucocorticoid hormone corticosterone
(CORT) has been used to study the physiology of
feeding because CORT helps maintain energy balance and is released in abundance in response to
unpredictable environmental variation (Sapolsky
et al. 2000, Dallman et al. 2001, Romero 2004).
CORT levels in seabirds correlate negatively with
food availability (Kitaysky et al. 1999b, 2010) and
diet quality (Kitaysky et al. 2001). CORT can also
affect foraging behaviour (Angelier et al. 2007a,
Crossin et al. 2012, Cottin et al. 2014) and success
(Angelier et al. 2007a), as well as activity and
energy budgets (Angelier et al. 2007a,b). Importantly, CORT provides a functional link between
diet and survival and reproduction (Angelier et al.
2007a, Kitaysky et al. 2007, 2010, Kouwenberg
et al. 2013), making it particularly relevant to
carry-over effects (Harrison et al. 2011).
Nearly all work with CORT in free-living
seabirds has been conducted within the breeding
period. Measuring CORT in seabirds during nonbreeding has been difﬁcult because it typically
required blood sampling. There also has been a
focus on CORT responses to speciﬁc aspects of
seabird diet (e.g. quality or quantity), despite the
importance of broader ecological patterns of feeding (e.g. trophic position and foraging location),
particularly during non-breeding (Cherel et al.
2006, Ronconi et al. 2010, Kouwenberg et al.
2013). Moreover, previous studies of CORT
responses to seabird diet have only addressed short
time periods (1–2 years), so historical trends in
this relationship are unstudied, hindering our ability to predict future trends. Measuring CORT in
feathers (CORTf) overcomes these deﬁciencies by
providing data on physiological responses retrospectively. Many seabird species replace their
feathers during the non-breeding period (Pyle
2008), and CORT deposited in such feathers
reﬂects a long-term (i.e. days-to-weeks) integrated
measure of CORT physiology (Bortolotti et al.
2008, Fairhurst et al. 2013a).
No previous study has tested, on an individual
level, the hypothesis that birds during the nonbreeding period respond physiologically to trophic
position (TP) and foraging location. Experimen-
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tally manipulating TP and foraging location of
most seabirds during non-breeding is impossible,
so we addressed this hypothesis by correlating
CORTf with feather-based measures of stable isotopes of nitrogen (d15N) and carbon (d13C) from
Leach’s Storm-petrel Oceanodroma leucorhoa, a
widely distributed pelagic seabird. Combining
CORTf with feather-based measures of stable isotopes provides a way to study relationships
between physiology and foraging within the same
individual and over a similar timeframe (Fairhurst
et al. 2013b). Moreover, CORTf and feather stable
isotope values remain unchanged over time (Kelly
2000, Bortolotti et al. 2009 and see below), allowing museum specimens to be used for analyses of
both. Values of d15N and d13C are indicators of
TP and foraging location, respectively, and reveal
broad patterns in diet (Peterson & Fry 1987, Kelly
2000).
Leach’s Storm-petrels feed predominantly on
small crustaceans (e.g. amphipods; d15N = ~9&)
and ﬁsh (e.g. myctophids; d15N = ~10&; Huntington et al. 1996, Hedd & Montevecchi 2006, Hedd
et al. 2009), and increasing dietary prevalence of
the latter is reﬂected by larger d15N values in
feathers, making d15N an estimator of TP (Hedd &
Montevecchi 2006, Pollet et al. 2014b). Foraging
at a higher TP provides more nutritious prey and
results in better body condition (Hedd & Montevecchi 2006, Ronconi et al. 2010, but see Morrison et al. 2014), so we predicted that Leach’s
Storm-petrels with higher d15N signatures would
have relatively lower CORTf (Kitaysky et al.
1999a, Angelier et al. 2007a). Values of d13C
increase toward the equator (Rau et al. 1982,
Cherel et al. 2000) and with increased use of benthic or inshore habitats (Hobson et al. 1994, Hobson 1999, Kelly 2000), so Leach’s Storm-petrel
foraging location can be inferred from feather d13C
values (Hedd & Montevecchi 2006, Pollet et al.
2014b). We also tested whether CORTf was
related to foraging location (through feather d13C
values) because the relationship between physiology and spatial segregation of wintering seabirds is
poorly understood (Cherel et al. 2006). We additionally correlated CORTf and feather isotope values with large-scale climatic patterns that
inﬂuence seabird foraging (North Atlantic Oscillation, NAO, December–February; Stenseth et al.
2003). We predicted that both CORTf and feather
isotope values could be inﬂuenced by winter NAO
via alterations to the food web (Reid et al. 1998),
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but such effects are probably spatially heterogeneous (Rose 2005, Harris et al. 2014). Therefore,
although we could not derive speciﬁc predictions
regarding the effects of NAO on Leach’s Stormpetrels or their prey during the non-breeding season, we included NAO in the ﬁnal model because
it is an important driver of broad-scale climate and
ecosystem functioning in the North Atlantic (Philippart et al. 2011, Harris et al. 2014). To increase
the potential range of stable isotope values in our
dataset, we used a time series of feathers from
museum and live specimens collected in Atlantic
Canada from 1859 to 2012, allowing us to test for
historical (i.e. 153-year) trends in CORTf, d15N,
d13C and their inter-relationships.
METHODS
Sample collection and determination of
sex
We sampled breast feathers grown during nonbreeding (Huntington et al. 1996) from Leach’s
Storm-petrels collected on their breeding grounds
in New Brunswick, Nova Scotia, Quebec and
Newfoundland. We were only interested in individuals from the western North Atlantic Ocean
and included only those museum specimens that
had an exact year of collection (1859–2002;
n = 62). Additionally, we sampled live birds during breeding on Gull Island, Newfoundland and
Labrador (2012; n = 5). We sampled feathers from
at least one Leach’s Storm-petrel in every decade
from 1859 to 2012, except the 1860s. Feathers
from museum specimens were sampled at the
Canadian Museum of Nature, Ottawa, Ontario
(n = 17); New Brunswick Museum, Saint John,
New Brunswick (n = 24); Royal Ontario Museum,
Toronto, Ontario (n = 12); and National Museum
of Natural History, Smithsonian Institution, Washington, DC (n = 9). Sex was determined for 56 of
the 67 individuals using museum specimen labels
or for live birds ampliﬁcation of the CHD1 gene
(Fridolfsson & Ellegren 1999).
CORTf analysis
Because we were using museum specimens and
had limited feather material, we needed to ensure
that CORT measurements were well within the
limits of detection of the radioimmunoassay (RIA).
Therefore, we extracted CORTf from two feathers
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per individual following procedures in Bortolotti
et al. (2008). The length of each feather (proximal
end of the calamus to distal tip of vane) was measured ﬂat against the edge of a ruler, the calamus
removed and discarded, and the length of the
remaining feather was re-measured. Feather samples were then placed in glass vials and cut into
pieces (c. 5 mm2). We added 10 mL of methanol
(HPLC grade; Fisher Scientiﬁc, Fair Lawn, NJ,
USA) to each vial and placed samples in a sonicating water bath at room temperature for 30 min,
followed by incubation overnight at 50 °C. We
used a glass funnel ﬁtted with polyester ﬁbre and
vacuum ﬁltration to separate the methanol extract
from the feather pieces. Collected methanol extract
was then evaporated and extract residues were
reconstituted in a small volume of phosphate-buffered saline (0.05 M, pH 7.6) and frozen at 20 °C
until analysed by RIA. All samples were extracted
in a single batch. We assessed the recovery efﬁciency of the extraction by spiking three extracts
with approximately 5000 c.p.m. of 3H-labelled
CORT, and found the average recovery was 100%.
Serial dilutions of feather extracts were parallel to
the CORT standard curve.
Samples were analysed in duplicate in two
RIAs. The variability of each assay was assessed
using six replicates of an internal standard. Intraassay coefﬁcient of variation (CV) was 5.6% and
inter-assay CV was 4.16%. Average detection limit
(%B/B0) was 11.39 pg/100 lL of extract and all
samples were above this limit. CORTf measurements were corrected for total feather length,
expressed as pg CORT/mm (Bortolotti et al.
2008). Extraction of CORT from feathers and subsequent analysis by RIA (Bortolotti et al. 2008)
were performed at the University of Saskatchewan.
Stable isotope analysis
Feathers different from those used in CORT assays
were analysed for stable isotopes. We acknowledge
that this could introduce a temporal asynchrony
between information about stable isotopes in
feathers and CORTf. To attempt to minimize this
effect, we selected feathers that were spatially
close to each other within the same feather tract.
Feathers were washed in a 2 : 1 chloroform/methanol solution to remove surface oils and air-dried,
and 1.0  0.05 mg was placed in tin cups for isotopic analyses using continuous-ﬂow isotope-ratio
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mass spectrometry. Values were corrected using
BWB (bowhead whale baleen; d13C:
20.0&,
d15N: +14.4&) and PRC (porcine) gelatin (d13C:
13.5&, d15N: +4.7&) as isotopic reference materials that were tested after every 24 unknowns. To
account for the known temporal decline in d13C
values due to anthropogenic increases in carbon
emissions (the ‘Suess effect’; Suess 1955, Gruber
et al. 1999), which could bias our assessment of
trends in d13C, we adjusted d13C values following
eqn 2 in Farmer and Leonard (2011), which concerns the same geographical area and approximate
time period. The maximum adjustment to d13C
values was 1.7&. We did not adjust d13C values
for the increase in CO2(aq), as the magnitude of
this change (0.16&; Hilton et al. 2006, Jaeger &
Cherel 2011) is within the analytical error of our
instruments. Analytical precision among all samples was 0.2& for d13C and d15N. Stable isotope
analyses were conducted at the National Hydrology Research Centre (Environment Canada, Saskatoon, Saskatchewan).
Statistical analysis
To improve normality, we log-transformed CORTf
values and excluded an individual with a d13C
value > 3 interquartile ranges lower than the
mean. Using known-sex birds (n = 55), we ﬁrst
tested for sex differences in CORTf, d15N and
d13C by including sex as the only main effect in
separate general linear mixed models (GLMMs)
for each of these response variables. Year was
included as a random effect to account for clustered data. We then modelled temporal trends in
CORTf, d15N and d13C in all birds (n = 66) by
including year as only the main effect in separate
linear models for each of these response variables.
We modelled sex-speciﬁc relationships between
CORTf and stable isotopes using a GLMM that
included sex, d15N, d13C and isotope-by-sex interactions as main effects, and year as a random
effect. Non-signiﬁcant terms (P > 0.05) were
removed from ﬁnal models. We then added winter
(average of December, January and February)
NAO (Hurrell 1995; downloaded from https://cli
matedataguide.ucar.edu/climate-data/hurrell-northatlantic-oscillation-nao-index-station-based) as a
covariate to the ﬁnal GLMM of CORTf. We also
related winter NAO to d15N and d13C in two separate GLMMs, and correlated d15N with d13C in a
third GLMM, including year as a random term in
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each of these three models. Statistical analyses
were conducted using SAS v. 9.2 (SAS Institute,
Cary, NC, USA).
RESULTS
There were no sex differences in CORTf, d15N or
d13C (Table 1). We did not detect temporal trends
in CORTf (F1,64 = 1.18, P = 0.28; Fig. 1a) or d15N
(F1,64 = 0.20, P = 0.66; Fig. 1b), but detected a
positive trend in d13C (F1,64 = 4.38, P = 0.04;
Fig. 1c). Non-signiﬁcant sex-by-isotope interactions
(d15N: F1,48.03 = 0.43, P = 0.52; d13C: F1,48.22
= 1.56, P = 0.22) and effect of sex (F1,51.2 = 0.14,
P = 0.71) were removed from the model of CORTf,
so the ﬁnal model of CORTf included only the signiﬁcant negative effect of d15N (radjusted = 0.40;
F1,52.2 = 12.67, P = 0.0008), which persisted when
birds of unknown sex were added to the model
(radjusted = 0.33;
F1,63.21 = 9.28,
P = 0.003;
Fig. 2). NAO was not a signiﬁcant term in either
model of CORTf (all birds: F1,53 = 0.32, P = 0.58;
known-sex birds only: F1,53 = 2.75, P = 0.10;
Fig. 3a), nor was it related to d15N (F1,54 = 0.75,
P = 0.39; Fig. 3b) or d13C (F1,53.6 = 0.58, P = 0.45;
Fig. 3c). Values of d13C were negatively related to
d15N values (F1,63.09 = 14.67, P = 0.003; Fig. 4).
DISCUSSION
By correlating CORTf with d15N from feathers of
the same individuals, we provide the ﬁrst evidence
from the non-breeding season of a relationship
between a physiological response and individual
variation in a broad pattern of foraging ecology (i.e.
TP). In line with our prediction, we detected a negative relationship between CORTf and TP, suggesting that Leach’s Storm-petrels that fed at higher
TPs secreted less CORT over the period of feather
growth. CORT is released in response to stressors
in general (Sapolsky et al. 2000, Romero 2004),
and CORTf has been shown experimentally to
reﬂect plasma CORT levels (Fairhurst et al. 2013a)
and nutritional deﬁcits (Will et al. 2014). Although
we cannot conclude that variation in diet alone
caused CORT responses in our study, whatever
factor(s) CORT responded to were apparently
linked to the TP at which birds fed. The idea that
CORTf reﬂects responses to multiple ecological
factors may explain why the relationship between
CORTf and TP was not strong, and we cannot rule
out the possibility that temporal asynchrony in
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Table 1. Descriptive statistics of feather-based measures of corticosterone (CORTf) and stable isotopes of nitrogen (d15N) and carbon (d13C) in relation to sex of Leach’s Storm-petrels.

All birds (n = 66)
Variable
CORTf
(pg/mm)

Mean
3.90

sd

Males (n = 27)

Range

Mean

0.98

1.97–6.94

d15N (&)

+13.3

1.3

10.5–17.1

d13C (&)

16.9

1.1

19.3 to

14.5

3.86

sd

Females (n = 28)

Range

Mean

2.54–6.67

F (df)

P

0.02 (1, 52.28)

0.89

2.43–6.49

+13.1

1.2

10.5–15.9

13.5

1.5

10.6–17.1

0.95 (1, 53)

0.33

17.0

1.1

19.0 to

16.7

1.1

19.3 to
15.3

0.93 (1, 52.2)

0.34

when feathers were grown also could have weakened this relationship. Nevertheless, food supply is
a key environmental determinant of CORT levels
in seabirds (Kitaysky et al. 1999b, 2007, BenowitzFredericks et al. 2008) and one of only a few environmental stressors believed to face birds at sea
(e.g. during the non-breeding period; Huntington
et al. 1996). Therefore, we can suggest that the
energetic beneﬁts of foraging for, or greater fat or
protein content of, higher TP prey contributed to
lower CORT levels (Kitaysky et al. 2001, Forero
et al. 2002, Angelier et al. 2007a, Hedd et al.
2009, Ronconi et al. 2010), although this may not
always be the case for species specializing in lower
trophic prey (e.g. Morrison et al. 2014).
Our data indicate that Leach’s Storm-petrels
fed across a range of TPs characteristic of seabird
foraging behaviour during the non-breeding period
(Hedd & Montevecchi 2006), and that higher
d15N values probably reﬂected greater proportions
of higher TP prey (i.e. ﬁsh) in the diet (Hedd &
Montevecchi 2006, Ronconi et al. 2010, Bicknell
et al. 2014, Pollet et al. 2014b). Foraging for
higher TP prey can result in net energetic gains in
Leach’s Storm-petrels, even when longer-distance
foraging trips are required, because of the greater
energy content of higher TP prey (Hedd et al.
2009, Pollet et al. 2014b). Moreover, the essential
fatty acid (EFA) proﬁle of prey items can change
with increases in TP, resulting in higher d15N values in tissues of consumers feeding on prey items
with relatively greater percentages of some EFAs
(Connelly et al. 2014). This lends some support to
the idea that Leach’s Storm-petrels feeding at
higher TPs consumed a higher quality diet and
may have beneﬁted physiologically from doing so
(Kitaysky et al. 2001, Ronconi et al. 2010, Pollet
et al. 2014b). The three-fold variation in CORTf

0.95

Range

0.84

14.9

3.84

sd

Effect of
sex (n = 55)

we observed among individuals suggests a correspondingly large variation in plasma CORT (Fairhurst et al. 2013a), yet all birds survived to be
sampled on breeding grounds the summer following feather growth. This is consistent with the idea
that birds feeding at low TPs were not starving
(i.e. plasma CORT levels were not continuously
high). Instead, CORTf data are likely to reﬂect
variation in baseline CORT to match foraging conditions (Angelier et al. 2007a).
The lack of effects of year and winter NAO on
CORTf in our 153-year time-series suggests that the
ecophysiological relationship we report is a general
phenomenon and not a reﬂection of broad historical
changes in climate during non-breeding. The d13C
data, from which we can infer general individual
foraging location, provide additional insight into the
inﬂuence of the non-breeding environment. The
range of d13C values in our study is similar to that
reported by Hedd and Montevecchi (2006), suggesting that Leach’s Storm-petrels moulted in the
tropics, as would be expected (Huntington et al.
1996, Pollet et al. 2014a), but the d13C data were
also quite variable. We did not detect a relationship
between CORTf and d13C, suggesting that foraging
location during the feather growth period (d13C)
apparently did not inﬂuence CORT physiology.
This may have been due to the relatively weak latitudinal gradient in d13C values in the North Atlantic, or to annual variation masking effects of
foraging location. Despite this, d15N and d13C
covaried negatively, consistent with the idea of latitudinal (Cherel et al. 2014) and/or inshore–offshore
(Pollet et al. 2014b) spatial variation in Leach’s
Storm-petrel diet. Although beyond the scope of
our study, more complex approaches to the spatial
variability in marine climate (e.g. Hemery et al.
2008, Harris et al. 2014) could improve the ability
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Figure 1. Temporal variation in (a) corticosterone (CORTf), and stable isotopes of (b) nitrogen (d15N) and (c) carbon (d13C) from
Leach’s Storm-petrel feathers over a 153-year period. Feathers were grown during the non-breeding period. Mean  standard deviations are shown.

of future research to relate large-scale climate patterns to CORT physiology and stable isotopes.
Our set of feathers spanned a 153-year period
and thus provided a unique opportunity to assess
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long-term trends in physiology and stable isotopes.
We failed to detect temporal trends in CORTf or
d15N, but a weak but signiﬁcant positive trend in
d13C values may provide clues about historical

Feathers, trophic position and corticosterone

9

9
8

(a)

Females
Males
Unknown

7

8
7

6

CORTf (pg/mm)

CORTf (pg/mm)

279

5
4

3

6
5
4
3
2

P = 0.003

1
18

2
10

11

12

13

14

15

16

(b)

17
17

δ15N (‰)

15
14
13
12
11
10

–14

(c)
–15
–16

δ13C (‰)

spatiotemporal variation in Leach’s Storm-petrel
foraging. Cherel et al. (2014) previously showed
that average d13C values from Thin-billed Prion
Pachyptila belcheri feathers decreased signiﬁcantly
from historical (1923–1971) to contemporary
(2003) samples from the Kerguelen Islands (southern Indian Ocean), and interpreted this as a temporal shift of moulting grounds to higher latitudes.
Hilton et al. (2006) similarly detected decreases in
d13C values from Rockhopper Penguins Eudyptes
chrysocome (c. 1840–2000), but only in some colonies. By contrast, our data indicate that Leach’s
Storm- petrels breeding in the North Atlantic may
have shifted their moulting grounds south to lower
latitudes and/or to more benthic or inshore habitats over the past 150 years (i.e. temporal increase
in d13C values). Rather than being a recent event,
our long-term data show a steady enrichment in
13
C, indicating a gradual shift from the late 1800s
to the present, whereas background variation in
both d13C and d15N in Atlantic marine foodwebs
has remained relatively stable over time (MacKenzie et al. 2014). Although relatively small, and
potentially inﬂuenced by anomalous data from the
1960s to 1980s (see below), the temporal shift in
d13C values was opposite to the Suess effect, suggesting that the shift was stronger than appears at
ﬁrst glance. Determining whether this trend is a
response to changing climatic or oceanographic
conditions or just a reﬂection of local variation in
d13C is a matter for future research.
There is very limited evidence to suggest that
the CORT in feathers from historical museum

δ15N (‰)

16

Figure 2. Relationship between nitrogen stable isotopes
(d15N) and corticosterone (CORTf) from Leach’s Storm-petrel
feathers over a 153-year period. Feathers were grown during
the non-breeding period.
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Figure 3. Relationships between the Northern Atlantic Oscillation during December–February from 1902 to 2012 (Winter
NAO) and (a) corticosterone (CORTf), and stable isotopes of
(b) nitrogen (d15N) and (c) carbon (d13C) from Leach’s Stormpetrel feathers. Females are represented by ﬁlled circles,
males are represented by open circles and unknown sex birds
are represented by ﬁlled triangles. Feathers were grown during
the non-breeding period. All relationships are non-signiﬁcant.

specimens may not be stable and can therefore
introduce bias into historical analyses such as those
we present here (Bortolotti et al. 2009). The single
published work addressing this showed that average CORTf values from Great Horned Owls Bubo
viginianus were signiﬁcantly higher in museum
specimens from 1931 to 1974 than they were in
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Figure 4. Relationship between feather-based measures of
stable isotopes of nitrogen (d15N) and carbon (d13C) from
Leach’s Storm-petrels over a 153-year period. Feathers were
grown during the non-breeding period.

carcasses or live birds from 2004 to 2005 (Bortolotti et al. 2009). The authors noted that their
intent was not to investigate causation, and they
provide a valid alternative (ecological) explanation
for their results. We add three additional points to
this discussion. First, the results from Bortolotti
et al. (2009) come from a single species from a
limited geographical sampling area (Saskatoon,
Canada). Secondly, if the CORT in feathers is not
stable and older feathers do have higher CORTf
values, then the effect reported by Bortolotti et al.
(2009) needs to be explained mechanistically. For
example, CORTf values from older feathers could
have had a strong bias, but this kind of artiﬁcial
inﬂation would require production of a CORT
mimic within the feather, which seems unlikely.
Thirdly, if age of feathers does inﬂuence CORTf
values for reasons other than physiology (e.g. degradation of CORT within the feather), it would be
reasonable to predict that a temporal trend in
CORTf would exist in our data. We did not detect
a trend in CORTf, although we recognize that
ecological effects (e.g. environmental change)
could have masked such a trend were it there.
Moreover, if CORT in feathers does degrade over
time, it seems just as likely (if not more so) that
CORTf would be lower in older feathers, so it
may not be fair to criticize higher levels of CORTf
in older feathers as problematic (e.g. Bortolotti
et al. 2009). Thus, although we cannot eliminate
the possibility of a ‘degradation bias’ in our
CORTf values from museum feathers, currently
we lack evidence to suggest that one existed.
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Despite not detecting a linear temporal trend in
CORTf, it is interesting that the data showed
apparent periodic variation. Of note are the late
1960s to early 1980s, when CORTf values were
higher than at any other point in our time series.
We did not have demographic data with which to
infer possible consequences of this spike in CORTf
values, and the reason for this anomaly remains
unidentiﬁed. However, there was also an apparent
spike in d13C values during that period. In line
with our interpretation of CORTf reﬂecting physiological responses to foraging ecology, we can
therefore speculate that use of unusually inshore
or equatorial foraging areas, perhaps in concert
with population dynamics (e.g. a temporary crash)
of preferred prey, during those decades could
explain this result. Future studies will beneﬁt from
identifying potential causes and downstream
consequences (e.g. to subsequent breeding) of the
variation in CORTf we show exists during the
non-breeding period, including such periods of
apparently anomalously high levels.
Our ﬁndings demonstrate non-lethal variation in
a physiological mediator in relation to variation in
resource use. This is a key characteristic of mechanisms underlying carry-over effects (Harrison et al.
2011). Among-individual variation in CORT levels
is related to foraging behaviour and condition
(Kitaysky et al. 1999b, Angelier et al. 2007a), d15N
is related to body condition (Ronconi et al. 2010,
2014), and both d15N and CORTf have been shown
separately to be positively related to subsequent
reproductive performance (Crossin et al. 2013,
Kouwenberg et al. 2013, but see Angelier et al.
2009, 2010). The covariation we found between
TP and a physiological response during the nonbreeding period links these previously independent
research lines. Moreover, we demonstrate the utility
of combining CORTf with other feather-based biomarkers (Fairhurst et al. 2013b, 2014, Grava et al.
2013), and by using museum specimens we gained
a historical perspective on physiology–resource use
relationships. Given potential associations between
CORT and correlates of ﬁtness (Bonier et al. 2009),
future research should explore a mechanistic role of
CORT in mediating how diet affects individual variation in condition and subsequent reproductive performance. Coping with environmental variation is
essential to survival and reproduction, and CORT
plays a central role in that process, so a CORTmediated mechanism of carry-over effects could be
widespread in birds.
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