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Carry-over effects inmigratory birds are likelymediated by physiological processes that are activated in response
to environmental variation. Such processes affect body condition and/or reproductive success, and can include
corticosterone (CORT) because this hormone responds to environmental stressors and influences energy balance.
Few studies have considered how CORT levels during non-breeding relate to a broader physiological profile dur-
ing subsequent breeding, and fewer still have consideredmeasures other than body condition. To explore CORT's
potential role in carry-over effects,we investigated the relationship between CORTand foraging ecology of north-
ern gannets (Morus bassanus) during the non-breeding period, and tested for associations between these factors
and variation in a suite of physiological and biochemical metrics during subsequent breeding. Northern gannets
are the largest seabird top predator in the North Atlantic and were among the hardest hit by the Deepwater Ho-
rizon oil blowout in the Gulf of Mexico in 2010. We used light-level geolocators to confirm winter origins of in-
dividuals in our study. No interrelationships were found among levels of CORT from feathers grown during
non-breeding (CORTf) and variation in foraging ecology, measured by stable isotopes of carbon (δ13C) and nitro-
gen (δ15N) from the same feathers. CORTf was correlated negatively with hematocrit and positively with triglyc-
eride measured during subsequent incubation, and explained more variation in these variables than did body
mass during incubation. These findings provide support for the hypothesis that energy management, measured
using CORTf, during non-breeding carries over to influence physiological measures other than body condition.
Gannets that previously wintered within the Gulf of Mexico in the years following the Deepwater Horizon oil
blowout had higher levels of CORTf compared to birds that wintered along the Atlantic coast, suggesting an in-
creased energetic cost associated with visiting the Gulf of Mexico. Our results indicate that CORT during non-
breeding is associatedwith a broader physiological profile during subsequent breeding than previously reported
in birds.

© 2017 Elsevier Inc. All rights reserved.
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1. Introduction

Migratory animals inhabit geographically and temporally distinct
breeding and non-breeding areas during the annual cycle. Despite this
separation, events during the non-breeding period can have
urst).
consequences for subsequent breeding performance (i.e., carry-over ef-
fects; Crossin et al., 2012a; Harrison et al., 2011; Norris and Taylor,
2006). For example, habitat quality on the wintering grounds can in-
duce variation in body condition among migratory songbirds, that, in
turn, influences departure dates, subsequent arrival dates on breeding
grounds, condition upon arrival, and reproductive success (Marra et
al., 1998; Norris et al., 2004; Rockwell et al., 2012; Saino et al., 2004,
2012). Although ecological factors such as habitat quality and weather
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are considered to be themain drivers of these carry-over effects, the un-
derlying physiological mechanisms are poorly understood (Harrison et
al., 2011).

Carry-over effects in migratory birds are likely mediated by physio-
logical systems that respond to environmental conditions and that re-
sult in changes in body condition and/or subsequent reproductive
success. Corticosterone (CORT), the major glucocorticoid in birds, is re-
leased in response to environmental stressors, has important metabolic
effects, and can influence activity (e.g., foraging) and reproduction
(Angelier et al., 2007b; Bonier et al., 2009, 2011; Crossin et al., 2012b;
Kitaysky et al., 2010; Strack et al., 1995; Wingfield and Sapolsky,
2003). Coping with environmental conditions across life-history stages
is central to individual fitness (Angelier and Wingfield, 2013; Bonier et
al., 2009; Breuner et al., 2008; Krause et al., 2016b, 2016c; Wingfield
and Kitaysky, 2002; Wingfield and Sapolsky, 2003), and CORT might
provide a functional link between an individual's response to environ-
mental variation (e.g., food supply) during the non-breeding period
and subsequent reproductive performance (see Fairhurst et al.,
2015b). Indeed, recent work with migratory waterfowl supports this
hypothesis (Harms et al., 2015).

The reported influence of circulating CORT during non-breeding on
subsequent reproduction is complex and might operate indirectly via
body condition (e.g., Harms et al., 2015). Although morphometric indi-
ces of condition (bodymass, mass-length residuals) can reflect the gen-
eral physiological/nutritional state in which an individual transitions
into the breeding period (Harms et al., 2015), a suite of metabolic, bio-
chemical, and health variables (collectively “individual physiology”)
during breeding could influence reproductive success (Brown, 1996;
Drent and Daan, 1980; Hennin et al., 2015; McNamara and Houston,
1996). However, little is known about how CORT during non-breeding
relates to individual physiology during reproduction because sampling
the same individuals during non-breeding and subsequent breeding is
logistically difficult for many migratory bird species. To date, very few
downstream physiological biomarkers have been considered in this
context (e.g., Bourgeon et al., 2012). This limits our understanding of
how environmental conditions can influence individual physiology
and subsequent reproductive performance in migratory birds. How a
physiological mechanism linking environmental variation with repro-
duction relates to diet during non-breeding is even less well under-
stood, despite the fact that studies have shown the importance of
external resource availability and acquisition in determining individual
condition (Harrison et al., 2011; McNamara and Houston, 1996). Diet is
particularly relevant because it relates to CORT (Fairhurst et al., 2015b)
and body condition (Ronconi et al., 2010) during non-breeding, drives
carry-over effects (Chastel et al., 1995; Kouwenberg et al., 2013;
Ronconi et al., 2010; Sorensen et al., 2009), contributes to anthropogen-
ic contaminant burdens that can affect reproduction (Borga et al., 2004;
Bustnes et al., 2005; Scheuhammer et al., 2007), and affects reproduc-
tion directly (Cury et al., 2011; Kitaysky et al., 1999b, 2010).

We tested the hypothesis that interactions between diet and CORT
during non-breeding carry-over to affect breeding season physiology.
We investigated the relationship between CORT and stable isotopes
during the non-breeding period, and explored associations with subse-
quent variation in individual physiology during breeding in northern
gannets (Morus bassanus), a migratory apex seabird predator in the
North Atlantic.We studied birds from the colony on Bonaventure Island
in the Gulf of St. Lawrence (Canada) that winter as far south as the Gulf
of Mexico (Fifield et al., 2014), where this species was among the sea-
birds most affected by the 2010 Deepwater Horizon oil spill disaster
(Montevecchi et al., 2012). Previous work on individuals from this
northwest Atlantic population (henceforth “gannets”) revealed higher
levels of the hormone prolactin during early incubation in gannets
that visited the Gulf of Mexico during non-breeding (Franci et al.,
2014). This finding suggested that areas used during non-breeding
may influence the physiological state in which gannets transition into
the breeding period. Gannets spend long periods at sea and largely
inaccessible during non-breeding, but molt during this period
(Mowbray, 2002; Nelson, 2010) and feathers grown then can be sam-
pled at colonies during the subsequent breeding season. Thus, we stud-
ied gannet diet-physiology relationships retrospectively by combining
measures of CORT (CORTf) and ratios of stable nitrogen (δ15Nf) and car-
bon (δ13Cf) isotopes from feathers grown during non-breeding. CORTf
values can reflect plasma levels of CORT (Fairhurst et al., 2013a; Hõrak
et al., 2013) and energy management in response to a variety of envi-
ronmental stressors (e.g., Fairhurst et al., 2011, 2012b; Grava et al.,
2013; Harriman et al., 2014; Legagneux et al., 2013), including nutri-
tional deficits (Fairhurst et al., 2012a; Will et al., 2014), experienced
over the period of feather growth (for review, see Romero and
Fairhurst, 2016). Values of δ15Nf and δ13Cf can describe broad patterns
in diet by indicating the trophic position and location, respectively, at
which an individual fed (Hobson et al., 1994; Kelly, 2000; Peterson
and Fry, 1987). Values of δ13Cf increase toward lower latitudes in the
Northern Hemisphere and with consumption of diets derived from
more inshore locations, whereas δ15Nf values increase with consump-
tion of higher trophic position prey (Cherel et al., 2000; Hobson, 1999;
Hobson et al., 1994; Kelly, 2000). Gannets feed on pelagic and forage
fish (e.g., Atlantic mackerel Scomber scombrus, herring Clupea harengus,
capelinMallotus villosus, Atlantic menhaden Brevoortia tyrannus; Rail et
al., 2013), and although variation in δ13Cf and δ15Nf due to diet compo-
sition can sometimes bemodest (Franci et al., 2015), use of fisheries dis-
card (Votier et al., 2010) and differences between age classes (e.g.,
Votier et al., 2011) result in larger isotopic variation. Correlating CORTf
with stable isotope measurements from the same feathers can provide
insight into relationships between physiology and nutrient assimilation
during a similar period (Fairhurst et al., 2013b, 2015b).

We predicted that CORTf and δ15Nf would covary negatively if gan-
nets benefitted energetically from feeding at higher trophic levels dur-
ing non-breeding (Fairhurst et al., 2015b; Hedd and Montevecchi,
2006), but would covary positively if there was a cost to feeding at
higher trophic positions (e.g., metabolic demands of increased foraging
effort; Kouwenberg et al., 2013). The location of prey during non-breed-
ing may be an important determinant of body condition in gannets
(Fifield et al., 2014). Thus, we correlated CORTf with δ13Cf to explore a
possible energetic consequence of spatial variation in winter foraging,
which is poorly understood (Cherel et al., 2006). To gain a better under-
standing of how feeding ecology varied across seasons, we additionally
compared δ13C and δ15N from feathers to values from red blood cells
(RBC) and plasma collected during the subsequent breeding period
(reflecting diet within a month and within a week, respectively, of
blood sampling; Hobson and Clark, 1993). Assuming that lower CORTf
values would indicate birds in better physiological condition (Harms
et al., 2015; and see Lattin et al., 2016), we expected that CORTf values
would be reflected in scores from a suite of metabolic and serological
biomarkers from blood collected during breeding. Because the birds in
our sample were outfitted with light-level geolocators, we were able
to determine if measures of ecophysiology during non-breeding (i.e.,
CORTf, δ13Cf, and δ15Nf) differed between birds that had previously win-
tered in theGulf ofMexico following theDeepwater Horizondisaster and
those that had not.
2. Methods

2.1. Fieldwork

Fieldwork was conducted in the colony on Bonaventure Island (48°
30′ 08″ N, 64° 10′ 07″W) in l'Île-Bonaventure-et-du-Rocher-Percé Na-
tional Park (QC, Canada). The majority of gannets in this population re-
turn to the colony in late April and lay a single egg in late May, with
incubation lasting approximately 44 days. Gannets exhibit bi-parental
incubation, and the duration of parental foraging trips remains fairly
constant throughout incubation (~28 h; S. Garthe, pers. comm.).
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Similarly, levels of baseline plasma CORT also remain constant through-
out incubation (Franci et al., 2014).

In June and July of 2013, adult gannets with a band and/or a
geolocator (see below) were identified using binoculars and captured
during early incubation (3–5 June; n = 12) or late incubation (8–12
July; n = 25) using a noose-pole. Two greater (secondary) covert
feathers (one from each wing) were cut from each bird with clean scis-
sors below the base of the feather vane and placed in a paper envelope
for CORT and stable isotope analyses (below). Molt in gannets is poorly
understood (Howell, 2010) so there is uncertainty regarding the geo-
graphical location of covert feather molt. However, years of experience
studying this population have revealed an apparent lack of wing molt
during breeding (J.-F. Rail and M. Guillemette, pers. obs.), and these ob-
servations are supported by published evidence that gannets usually
suspend wing molt during breeding (Ginn and Melville, 1983; Howell,
2010; Mowbray, 2002; Stauss et al., 2012). Thus, we are confident that
the covert feathers we sampled were grown during the non-breeding
period.

Additionally, for the 25 birds captured during late incubation only,
individuals were weighed using a spring balance and, immediately
(b10 min) following capture, 10–15 mL blood was collected from the
brachial vein using a 23-gauge butterfly needle fitted to a 5 mL syringe
and transferred into 5 mL Vacutainers (BD Diagnostics, Franklin Lakes,
USA) coatedwith lithium heparin and kept on ice. Upon the completion
of fieldwork each day, capillary tubes were filled with blood and centri-
fuged for 5 min at 3800 rpm (1790 ×g) and hematocrit was measured.
One vacutainer was centrifuged for 5 min at 3900 rpm (1720 ×g) and
aliquots of plasma were transferred to Nunc cryovials (Nalge Nunc In-
ternational, Roskilde, Denmark) and stored in liquid nitrogen for bio-
chemical and serological biomarker analyses. Aliquots of whole blood
were transferred to Nunc cryovials for sex determination from DNA by
PCR (Griffiths et al., 1998) and stable isotope analyses. Plasma samples
were immediately frozen at−10 °C then stored at−40 °C until subse-
quent analyses. Birdswere sampled under appropriate permits from the
Canadian Wildlife Service and the Environment and Climate Change
Canada Animal Care Committee.

To sum up, during the incubation period of 2013 we captured 37
gannets and collected feathers that were grown in the previous non-
breeding season (2012−2013). We also weighed and collected blood
from 25 of these birds, so our serum biochemistry and RBC and plasma
stable isotope data (below) are from a subset of birds forwhichwe have
feather data from the non-breedingperiod (i.e., CORTf and feather stable
isotopes; see below for more details).

2.2. Identification of non-breeding locations

Of the 37 birds we sampled in 2013, we were able to determine or
infer non-breeding locations for 28 birds, based on telemetry data col-
lected using procedures detailed in Franci et al. (2014). Briefly, in Sep-
tember 2010, 2011, and 2012, we captured, respectively, 11, 8, and 9
adult gannets at the colony prior to departure for migration using a
long noose-pole, and attached a 2.5 g light-level geolocator (b0.1% the
gannets' body mass; MK15, British Antarctic Survey, Cambridge, United
Kingdom) to the leg band of each bird. Geolocators weighing 4–5% of
body mass did not influence CORTf in small aerial insectivores
(Fairhurst et al., 2015a), so we assume that data from small geolocators
attached to gannetswere unbiasedwith regard to device-induced phys-
iological stress. Light level data were recovered from geolocators when
birds were recaptured at the colony the year following tracking (i.e.,
breeding seasons of 2011, 2012, 2013) and were analyzed using
TransEdit2 in the BASTrack software (version 18; British Antarctic Sur-
vey). Delineation of wintering sites in the Gulf of Mexico (i.e., marine
area west of the tip of Florida, USA) or on the Atlantic Coast (i.e.,
encompassing the south-eastern tip of Florida to the Gulf of Maine,
USA) was accomplished by kernel density estimation (Bächler et al.,
2010) using Geospatial Modelling Environment software (Version
0.6.0.0) in ArcGIS 10 (Esri, France). Location data from gannets instru-
mented in 2010 and 2011 are taken from previously published work
(Franci et al., 2014), whereas location data from gannets instrumented
in fall 2012 have not been published elsewhere.

Eleven gannets were tracked during the non-breeding period of
2010–2011, 8 were tracked during non-breeding of 2011–2012, and 9
were tracked during non-breeding of 2012–2013, though all were re-
captured and sampled for feathers during breeding in 2013 (see Field-
work, above). Thus, 19 birds in our sample were tracked in years prior
to when feathers were grown for this study, but gannets wintering in
North America show very strongfidelity to non-breeding areas (median
distance between wintering areas in two consecutive years = 87 km;
Fifield et al., 2014), so we inferred their non-breeding areas based on
areas they used in the year they were tracked.

2.3. CORTf analyses

We used a methanol-based procedure (Bortolotti et al., 2008) to ex-
tract CORT from feathers in one batch. Following removal of the calamus
from each feather, the remaining sample was cut into small pieces
(b5mm2) and 10mLofmethanol (HPLC grade, VWR International,Mis-
sissauga, ON, Canada) was added. Samples were then sonicated in a
water bath at room temperature for 30min, followed by overnight incu-
bation at 50 °C in a water bath. Methanol was separated from feather
material using vacuum filtration, and the feather pieces were kept for
stable isotope analyses (below). The methanol extract was placed in a
50 °Cwater bath and allowed to evaporate in a fume hood. Once dry, ex-
tractswere reconstituted in a small volumeof phosphate buffered saline
(PBS; 0.05M, pH 7.6) and kept at−20 °C until analyzed by radioimmu-
noassay (RIA).We assessed the efficiency of the extraction procedure by
including three feather samples spiked with approximately 5000 CPM
of 3H–labeled corticosterone (see Appendix S1 in Bortolotti et al.
(2008) for details). On average, 95% of the radioactivity was recovered
in the reconstituted samples.

Measurements of CORTwere determined by RIA as in previous stud-
ies (Bortolotti et al., 2008; Fairhurst et al., 2013a, 2015b;Wayland et al.,
2002) andwere performed on duplicates of reconstituted methanol ex-
tracts in two assays using a commercial antiserum (Sigma-Aldrich, St.
Louis, MO, USA; product# C8784). Serial dilutions of sample extracts
were parallel to the standard curve, indicating no interference with
the antibody. Assay variationwas computed using three (duplicated) al-
iquots of the same standard CORT solution in each assay. Average intra-
assay coefficient of variation (CV) was 6.23% (standard deviation
(SD) = 0.69) and inter-assay CV was 7.00%. The average detection
limit of our assays was 16.20 pg CORT (SD = 6.58) and all values were
above detection limits. Data values are expressed as pg CORT per mm
of feather, which gives a valid estimate of CORT per unit time of feather
growth (Bortolotti, 2010; Jenni-Eiermann et al., 2015). CORTf assays
were performed at the University of Saskatchewan, SK, Canada.

2.4. Stable isotope analyses

Following CORT extraction, feather pieces were subsequently ana-
lyzed at the National Hydrology Research Center of Environment Cana-
da in Saskatoon, Canada. Feathers were first cleaned by soaking in a 2:1
chloroform:methanol solvent mixture and multiple rinsing before dry-
ing overnight in a fume hood. Between 0.5 and 1.0 mg of feather mate-
rialwere used for δ13C and δ15N analyses,whichwere combusted online
using a EuroVector 3000 (EuroVector, Milan, Italy) elemental analyzer.
The resulting CO2 and N2 was separated by gas chromatography (GC)
coupled to a Nu Horizon (Nu Instruments, Wrexham, UK) triple-collec-
tor isotope-ratio mass-spectrometer via an open split, and compared to
pure CO2 and N2 reference gasses respectively. Stable isotope ratios
were expressed in delta (δ) notation, as deviation in parts per thousand
(‰) from reference standards Vienna Pee Dee Belemnite carbonate
(VPDB) for δ13C and AIR for δ15N. Using previously calibrated internal
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laboratory standards (powdered BowheadWhale Baleen [BWB-2] kera-
tin and gelatin), within-run precision was ±0.15‰ for δ13C and
±0.25‰ for δ15N (n = 5).

Blood δ13C and δ15N analyseswere run at the Centre de recherche en
géochimie et géodynamique (GEOTOP), Université du Québec à Mon-
tréal (Montréal, QC, Canada), as described in Caron-Beaudoin et al.
(2013). Aliquots of homogenized blood cell samples were freeze-dried
(Freezone 12; Labconco, Kansas City, MO, USA) and ground into a ho-
mogenous powder, while plasma was dried at room temperature
(~22 °C). Aliquots of water-free plasma and blood cells were loaded
into tin cups and weighed (1.000 ± 0.001 mg). Isotopic measurements
were performed in duplicates using a continuous flow isotope ratio
mass spectrometer (Micromass Isoprime, Cheadle, UK) coupled to an el-
emental analyzer (Elementar Vario MicroCube; Hanau, Germany). Re-
sults were expressed in delta notation (δ) relative to an international
standard (VPDB and AIR) in per mil (‰). Raw data were normalized
on the respective scales using three previously calibrated internal refer-
ence materials (leucine, urea and shark tissues). Analytical precision
were within 0.1‰ for δ13C and 0.2‰ for δ15N.

2.5. Metabolic and serological variables

Serum biochemical analyses were performed by the diagnostic ser-
vice of Faculté de médecine vétérinaire, Université de Montréal, using
an Autoanalyzer Unicel Dxc 600 (Beckman Coulter, Inc., Pasadena, CA,
USA). The following 11 metabolic variables were determined for each
sample: glucose, triglycerides, cholesterol, uric acid, alkaline phospha-
tase, alanine aminotransferase, gamma-glutamyl transpeptidase, lactate
dehydrogenase, aspartate aminotransferase, creatine kinase, and total
protein. Heterophil:lymphocyte (H:L) ratios were also calculated,
using methods previously reported by Brousseau-Fournier et al.
(2014). The viability of white blood cells was determined by flow cy-
tometry using propidiumiodide (PI; Sigma Chemical Co., St. Louis, MO,
USA), an exclusion dye that binds to the nucleic acid of dead cells
which become strongly fluorescent. Briefly, 1 μL of a 1 mg mL−1 stock
solution of PI was added to each cell suspension and flow cytometric ac-
quisition of these suspensions was performed. Fluorescence emission
was collected at 670 nm. The results are expressed in percentage of vi-
able cells. To monitor phagocytosis, a volume of 100 μL of peripheral
blood was mixed with yellow-green latex FluoSpheres (Molecular
Probes Inc., Eugene, OR, USA) at a ratio of 1:100 (leukocytes:beads) in
Eppendorf tubes. After an incubation of 1 h at 40 °C, the cells were
washed once with PBS, recovered by centrifugation at 150 ×g at room
temperature and resuspended in 200 μL of PBS and flow cytometric ac-
quisition was performed. Fluorescence emission was collected at 533/
30 nm. Results are expressed in percent of phagocytic cells containing
one or more beads and 3 beads or more. Flow cytometry acquisition A
BD Accuri™ C6 (Becton Dickinson, San Jose, CA, USA) providing an exci-
tation at 488 nmwas used. Heterophils were defined based on their for-
ward and right angle scatter properties. A total of 10,000 events were
acquired for each sample. The data were then analyzed, once displayed
as two-parameter complexity and cell size, in the process of gating and
as fluorescence (FL1 and FL3) frequency distribution histogram. Data
collection and analysis were performed with the BD Accuri™ C6
software.

2.6. Statistical analyses

2.6.1. Ecophysiology during non-breeding
Sex differences in CORTf, δ13Cf, and δ15Nf were first tested using sep-

arate general linearmodels (GLMs; SAS v. 9.2). A GLM including δ15Nf as
the response variable and δ13Cf, sex, and the δ13Cf × sex interaction as
predictors was used to study the potential influence of sex-specific for-
aging areas (i.e., δ13Cf × sex interaction) on the trophic position atwhich
gannets fed (i.e., δ15Nf). Next, the effect of diet on CORTwas investigated
using a GLM with CORTf as the response variable and δ13Cf and δ15Nf as
predictors. Given a lack of sex effects onCORTf (see Results), sexwas not
considered in this model.

2.6.2. Seasonal differences in foraging ecology
Comparisons of δ13C and δ15N among sample types (feathers, RBCs,

and plasma) were used to gain insight into how diet changed through
time from non-breeding (feathers) to within a month (RBCs) andwith-
in a week (plasma; Hobson and Clark, 1993) prior to blood sampling
during late incubation. Two mixed effects models were used, including
either δ13C or δ15N values as the response variable, and sample type, sex,
and a sample type × sex interaction as predictors. Because feathers and
blood samples were taken from the same individuals and reflect three
time periods, individual identity was used as a random term to account
for repeated sampling. Denominator degrees of freedom were estimat-
ed using the Kenward-Rodger method. Non-significant interactions
were removed from models, models were re-run, and significant main
effects were explored with post-hoc tests using Tukey adjusted P-
values. Because they reflect different measures at different time points,
stable isotope data for these models were corrected for discrimination
differences among tissues (i.e., normalized to the diet) usingdiscrimina-
tion factors derived from great skuas (Catharacta skua; Bearhop et al.,
2002): 1.1‰ and 2.8‰ for Δ13C and Δ15N respectively in blood, and
2.1‰and 4.6‰ forΔ13C andΔ15N respectively in feathers, as in previous
studies of gannets in our study area (Franci et al., 2015) and the North-
eastern subpopulation (Votier et al., 2010).

2.6.3. Relationships between ecophysiology during non-breeding and indi-
vidual physiology during breeding

We explored how the variation in each breeding season response
variable was explained by ecophysiology during non-breeding. Body
mass, hematocrit, each of the 11 metabolic variables, and H:L ratios
were modeled as separate responses using GLMs. To achieve normality,
values for triglyceride, uric acid, and creatine kinase were log-trans-
formed. For each response variable, we considered a set of 14 a priori
models that included: a full model with CORTf, δ13Cf, δ15Nf, sex, and a
CORTf × sex interaction; eight models with various combinations of
these predictors, all of which included CORTf; a model with only δ13Cf
and δ15Nf; models with each predictor alone; and an intercept-only
(i.e., “null model”) (Appendix 1). For all model sets (except body
mass), we also included amodel thatfit bodymass as the sole predictor,
as this could be an important determinant of breeding season physiolo-
gy. This allowed us to identify a potential effect of body mass on breed-
ing season physiology and, more importantly, provided a means of
determining if a measure of current body conditionwas a better predic-
tor than measures of past (non-breeding) ecophysiology.

We used an information–theoretic approach (Akaike's information
criterion adjusted for small sample size; AICc) to rank models in each
set (Burnham and Anderson, 2002). The model with the smallest AICc
value was considered the best-supported (Burnham and Anderson,
2002), but was eliminated in favor of a less complex version that was
within 2 AICc units (ΔAICc b2; Arnold, 2010). For eachmodel set we re-
port the best-supported model (in relation to the null) and the β ± SE
for each term in that model.

2.6.4. Non-breeding ecophysiology in relation to wintering in the Gulf of
Mexico

Differences in CORTf, δ13Cf, and δ15Nf were assessed between gan-
nets that had wintered in the Gulf of Mexico and those that had not
using separate GLMs for each response variable. These analyses includ-
ed all birds in our dataset for which the location of a non-breeding area
was known from tracking in one of the past three non-breeding periods
(n = 28). For comparison, models were also run using only those gan-
nets that were tracked throughout the period when feathers were
grown (2012–2013; n = 9), recognizing that the power of these latter
analyses would be weakened considerably by small sample sizes.
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3. Results

3.1. Ecophysiology during non-breeding

Neither CORTf (F1,35= 0.77, P=0.39), δ13Cf (F1,34= 0.50, P=0.49),
nor δ15Nf (F1,34= 0.02, P=0.90) differed between the sexes. δ15Nf was
not significantly related to δ13Cf (F1,33 = 1.62, P = 0.21), sex (F1,33 =
0.00, P = 0.98), or their interaction (F1,32 = 0.63, P = 0.43). CORTf
was not related to δ13Cf (F1,33 = 1.65, P = 0.21) or δ15Nf (F1,33 = 0.00,
P = 0.97).

3.2. Seasonal differences in foraging ecology

There was no overall effect of sex on δ13C (F1,23.1 = 0.00, P = 0.97;
sex × sample type interaction: F2,45.4 = 0.43, P = 0.65) or δ15N
(F1,23.2 = 0.01, P = 0.94; sex × sample type interaction: F2,45.1 = 1.03,
P = 0.36) from all sample types. Values of δ13C differed among sample
types (F2,47.7= 19.76, P b 0.0001; Fig. 1a) and a post-hoc test confirmed
that δ13Cf N δ13CRBC N δ13Cp (all Padj b 0.0001). Values of δ15N also dif-
fered among sample type (F2,47.4 = 5.10, P = 0.008; Fig. 1b) and a
post-hoc test revealed that δ15Nf was significantly lower than δ15Np
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(t1,47.2 = −3.24, Padj = 0.006) but did not differ from δ15NRBC

(t1,47.2 = −2.12, Padj b 0.10), and δ15NRBC and δ15Np were similar
(t1,47.2 = 1.16, Padj = 0.48). Varying the discrimination factors by
±5% for δ13Cf and δ15Nf had no effect onmodels of the former and a neg-
ligible effect on models of the latter, but did not change the interpreta-
tion of any models.

3.3. Relationships between ecophysiology during non-breeding and individ-
ual physiology during breeding

Among the 14 metabolic and serological response variables mea-
sured during late incubation, hematocrit, triglyceride, and glucose
were best explained by a model that included only the effect of CORTf
(Table 1). These models revealed a negative relationship with hemato-
crit and positive relationships with levels of triglyceride and glucose
(Table 1; Fig. 2). However, for glucose, this model was only 1.8 AICc
points less than the null model, indicating that CORTf explained very lit-
tle (if any) variation in this variable. For cholesterol, themodel contain-
ing only δ15Nf was the best-supported, but this model was only 0.6 AICc
points less than the null model, suggesting that it explained very little
variation. Although the model that included only δ13Cf was the best-
supported for aspartate aminotransferase and lactate dehydrogenase,
in the latter case the model was rejected in favor of the null model,
which was 1.1 AICc points greater. The model with body mass as the
only predictor was the best-supported for alkaline phosphatase, alanine
aminotransferase, and creatine kinase. For uric acid, gamma-glutamyl
transpeptidase, total protein, and H:L ratio, the null model was the
best-supported. Finally, the best supported model explaining variation
in body mass contained only sex (females heavier than males;
mean ± SE: 3253 ± 80 g vs. 2983 ± 64 g; Table 1) but, other than
this expected effect (Mowbray, 2002), neither sex nor its interaction
with CORTf was a significant term in any model explaining breeding
season physiology. Rankings for all models are in Appendix 1.

3.4. Non-breeding ecophysiology in relation to wintering in the Gulf of
Mexico

Gannets that spent thewintering period in the Gulf ofMexico during
2010–2011 or 2011–2012 (n = 5) had higher CORTf (mean ± SE:
77.0 ± 7.8 pg/mm vs. 61.9 ± 2.5 pg/mm; F1,26 = 5.71, P = 0.02; Fig.
3a), lower δ13Cf values (mean ± SE: −17.6 ± 0.6‰ vs. -16.5 ± 0.1‰;
F1,25 = 8.97, P = 0.006; Fig. 3b), and higher δ15Nf values (mean ± SE:
17.1 ± 0.3‰ vs. 15.9 ± 0.2‰; F1,25 = 6.17, P = 0.02; Fig. 3c) during
the 2012–2013 non-breeding period than gannets that wintered along
the Atlantic coast (n = 23). The direction of these three relationships
were maintained when analyses were restricted to only those gannets
tracked throughout the 2012–2013 wintering period (n = 9), and dif-
ferences in CORTf approached significance (F1,7 = 4.91, P = 0.06), but
differences in δ13Cf (F1,7 = 0.58, P = 0.47) and δ15Nf (F1,7 = 2.73, P =
0.14)were not significant, likely due to reduced power from small sam-
ple sizes.

4. Discussion

Our results provide several insights into carry-over effects in a mi-
gratory seabird. Contrary to our predictions, there were no interrela-
tionships among CORTf, δ13Cf, and δ15Nf during non-breeding. Gannet
diet outside the breeding period is poorly known (Mowbray, 2002),
but a lack of relationships may indicate that the nutritional value of
prey items, or the energetic costs of acquiring prey, did not vary enough
during the feather growth period to influence CORTf (e.g., Fairhurst et
al., 2013a, 2015b). We did not sample prey so cannot confirm this, but
our stable isotope data supports this interpretation. After adjusting for
differences in discrimination between diet and gannet tissues, δ15N
values from non-breeding and subsequent breeding period (from
feathers, RBCs, and plasma) were similar (within 1‰) and comparable



Table 1
Best supportedmodels explaining variation in each of 14 physiological response variables measured in northern gannets during breeding in 2013 in terms of non-breeding feather-based
measures of corticosterone (CORTf), stable isotope ratios of carbon (δ13C) and nitrogen (δ15N), and sex. Model selection was based on rankings of AICc scores from candidate model sets
(see text for an explanation and Appendix 1 for model rankings).

Response variable model terms β SE 95% confidence limits χ2 P-value

Body mass Sex −270.09 96.73 −59.68 −80.49 7.8 0.005
Hematocrit CORTf −0.12 0.04 −0.21 −0.04 7.84 0.005
Glucose Null 15.28 0.28 14.73 15.84 2915.2 b .0001
Triglyceridea CORTf 0.007 0.002 0.003 0.01 11.32 0.0008
Cholesterol Null 7.09 0.19 6.72 7.46 1391.21 b .0001
Uric acida Null 2.85 0.06 2.75 2.96 2696.24 b .0001
Alkaline phosphatase Body mass 0.30 0.09 0.12 0.48 10.28 0.001
Alanine aminotransferase Body mass 0.02 0.01 0.01 0.04 6.94 0.008
Gamma-glutamyl transpeptidase Null 20.23 1.73 16.83 23.62 136.39 b .0001
Lactate dehydrogenase Null 149.45 13.12 123.75 175.16 129.83 b .0001
Aspartate aminotransferase δ13c −52.77 21.91 −95.72 −9.82 5.8 0.02
Creatine kinasea Body mass 0.0004 0.0001 0.0002 0.0006 16.64 b .0001
TOTAL protein Null 39.94 1.18 37.62 42.26 1140.1 b .0001
H:L ratio Null 0.20 0.01 0.17 0.23 182.86 b .0001

a Values were log-transformed to achieve normality.
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to δ15N values reported for gannet prey during previous breeding sea-
sons (Franci et al., 2015). Changes in δ13C values from non-breeding to
early and late incubation are consistent with gannets foraging in
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feathers grown during non-breeding and (A) hematocrit and (B) levels of triglyceride
measured from plasma collected during incubation in the subsequent breeding period.
relatively low latitude coastal areas during non-breeding and shifting
to higher latitudes for breeding (Fifield et al., 2014; Hobson, 1999;
Hobson et al., 1994; Kelly, 2000; Montevecchi et al., 2012), where δ13C
values likely reflected seasonal availability in preferred prey (e.g.,
Franci et al., 2015; Garthe et al., 2007). Thus, gannets likely fed on tro-
phically-similar prey as they moved their foraging areas throughout
the year, which is in agreement with their characterization as specializ-
ing on high quality prey (Garthe et al., 2014; Montevecchi et al., 2009).
Recentwork suggests that gannets are not sexually segregated through-
out their winter range (Fifield et al., 2014) and, accordingly, we did not
detect sex differences in measures of non-breeding ecophysiology.
Thus, to the extent that δ15N and δ13C from feathers can provide insight
into gannet foraging ecology during non-breeding, it appears that diet
was of consistently high quality for both sexes and therefore not a
strong determinant of CORT levels in the year of our study.

Although this interpretation of the CORTf and stable isotope data
seems reasonable, three issues warrant further investigation. First, we
may have sampled gannets during a spring (i.e., pre-breeding) of partic-
ularly good prey availability. Long-term studies that include years of
known poor prey abundance are needed to reveal the full range of pos-
sible diet-physiology relationships (Kitaysky et al., 1999b, 2007). Sec-
ond, and relatedly, we did not measure the quantity of prey consumed
during molt. For example, a food shortage could have influenced
CORTf without being reflected in δ15Nf values, and it is possible that in-
dividual physiological state during molting could have influenced iso-
tope values (e.g., Cherel et al., 2005). Quantifying gannet diet and
physiology directly during non-breeding (e.g., while in the Gulf of Mex-
ico) could provide a better understanding of how diet quality and quan-
tity interact to affect both CORTf and stable isotope values. Finally, we
were not able to account for geographic variation in baseline δ15N
values, which could have introduced additional variation into our data
(e.g., Jennings and Warr, 2003). Future studies should aim to estimate
δ15N at the base of food webs in areas used regularly during non-breed-
ing, and continued year-round tracking of gannets fromBonaventure Is-
land will help identify such areas (e.g., Fifield et al., 2014).

CORTf from non-breeding was, as predicted, related to measures of
individual physiology in the subsequent breeding period. Gannets
with higher CORTf had lower hematocrit scores and higher plasma
levels of triglyceride during incubation, providing some support for
the hypothesis that energymanagement duringnon-breeding (estimat-
ed using CORTf) can carry-over to influencemore than just body condi-
tion. Moreover, variation in hematocrit and triglyceride during
incubation were better explained by CORTf from non-breeding than by
body mass during incubation.

In birds, lower hematocrit is associated with poorer condition
(Bókony et al., 2012; Howlett et al., 2002; Korschgen, 1977; Sakaluk et
al., 2014; Sánchez-Guzmán et al., 2004; Svensson and Merilä, 1996)
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and health (particularly due to parasite infestations; Boughton et al.,
2006; Garvin et al., 2008; Hõrak et al., 1998), as well as increased phys-
iological stress (Dickens et al., 2009). Other studies have found results
opposite to these or no relationship between hematocrit and body con-
dition (Bókony et al., 2012; Dawson and Bortolotti, 1997a, 1997b; Ots et
al., 1998; Quillfeldt et al., 2004), and some authors have instead
interpreted hematocrit as a measure of metabolic activity, workload,
or energetic stress (for a review of hematocrit in birds, see Fair et al.,
2007; Hõrak et al., 1998; Krause et al., 2016a; Mazerolle and Hobson,
2002; Ots and Hõrak, 1998; Piersma et al., 1996; e.g., Saino et al.,
1997). Triglyceride level is positively associated with feeding, fat depo-
sition, mass gain, and cell-mediated immune response (Forero et al.,
2006; Guglielmo et al., 2005; Jenni-Eiermann and Jenni, 1998; Masello
and Quillfeldt, 2004; Quillfeldt et al., 2004; Svensson and Merilä,
1996), and thus has been used to indicate that birds are refueling and
(presumably) in better nutritional condition. Triglyceride levels can
also covary negatively with reproductive effort (Masello and
Quillfeldt, 2004), and high levels are detected immediately following
endurance flights (Jenni-Eiermann and Jenni, 1991, 1992).

Hematocrit and levels of triglyceride are context specific and must
be interpreted cautiously (Bókony et al., 2012; Fair et al., 2007; Ots et
al., 1998). These variables reveal different aspects of physiological
state and thereforemight be expected to vary, to some extent, indepen-
dently of one another. For example, hematocrit can reflect physiological
condition days to weeks prior to blood sampling (Carpenter, 1975),
whereas triglyceride levels can reflect metabolic processes occurring
over the hours before sample collection (Jenni-Eiermann and Jenni,
1998). Although hematocrit is a heritable trait (Fair et al., 2007;
Sakaluk et al., 2014; Shlosberg et al., 1998) and can be “programmed”
by stress during development (Careau et al., 2014), suggesting it may
be less affected by current environmental conditions than triglyceride,
other studies show a strong effect of the environment on hematocrit
(Potti, 2007; Potti et al., 1999; Simon et al., 2005).

Interpreting multiple measures of physiology across time and space
is challenging, and our correlative study cannot draw conclusions about
the causes of the relationships we report. Nevertheless, we can specu-
late that if gannets with higher CORTf arrived on breeding grounds in
relatively poor condition (e.g., Harms et al., 2015), they may have also
exhibited relatively poor condition during incubation (i.e., low hemato-
crit). If so, theywould be expected to spendmore time flying and forag-
ing (Angelier et al., 2007a), and thus high triglyceride levels could
reflect extended bouts of feeding undertaken to improve condition. Al-
ternatively, gannets with higher CORTf values may have arrived to the
breeding grounds in relatively good body condition but then condition
deteriorated during incubation (e.g., Franci et al., 2015). Indeed, elevat-
ed CORT levels and low hematocrit are seen in birds coping with food
restrictions (Kempster et al., 2007; Kitaysky et al., 1999a, 1999b). How-
ever, gannets overall were likely not experiencing nutritional stress be-
cause triglyceride levels were, on average, higher than levels seen in the
previous two years (Franci et al., 2015) and H:L ratios, which would be
expected to be high during stress (Davis et al., 2008), were among the
lowest scores reported in the literature (Brousseau-Fournier et al.,
2014). Hematocrit scores were also similar to those reported previously
(Dawson and Bortolotti, 1997a; Sánchez-Guzmán et al., 2004).

Regardless of the exact causes, hematocrit and triglyceride are associat-
ed with energetic state. That they were significantly related to an energy-
regulating hormone (CORT) secreted several months earlier provides evi-
dence of the link between non-lethal variation in a physiological mediator
in one life-history period and physiological consequences in a subsequent
period. Our results indicate that this relationshipwas unrelated to foraging
habitat (estimated using stable isotopes) during non-breeding. Diet during
the later months of the non-breeding period is a known driver of carry-
over effects (Kouwenberg et al., 2013; Sorensen et al., 2009), yet diet dur-
ing the earlier months of non-breeding apparently is not (Sorensen et al.,
2009). Thus, if gannet feathers were grown early in the non-breeding pe-
riod, diet at that time may have been too temporally segregated from
breeding physiology for an association to be detected. Future studies
could address this possibility by better understanding the exact periods
of feather growth and by studying diet directly during this time.

Our findings highlight the importance of the location of non-breed-
ing areas to gannet ecophysiology. We found that gannets wintering
within the Gulf of Mexico had higher levels of CORTf and showed differ-
ences in feather stable isotopes compared to birds that wintered along
the Atlantic coast. Although differences in δ15Nf and δ13Cf may be
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expected based on geographic location (Cherel et al., 2000;Hobson, 1999;
Hobson et al., 1994; Kelly, 2000), the difference in CORTf is an interesting
finding. Gannets have to undertake a farther and presumably more ener-
getically demandingmigration to reach the Gulf ofMexico andmay incur
a cost for doing so. Although it can be hypothesized that overall higher
CORTf values reflect that cost, the lack of relationships between stable iso-
topes and CORTf suggest that the cost, if it was present, was related to an
additional (unmeasured) ecological variable. For example, dietary restric-
tions can result in elevated CORT levels (Kitaysky et al., 1999a, 1999b), so
gannetswintering in theGulf ofMexicomayhave experiencednutritional
restrictions or low prey densities that increased commuting distances be-
tween foraging sites. It is also possible that residual chemical exposure
from the 2010Deepwater Horizon oil blowout is responsible for the differ-
ences in CORTf values we found. Although oiling (i.e., plumage fouling)
can increase CORT levels (Fowler et al., 1995), ingestion of sub-lethal
doses of oil can reduce CORT levels (Gorsline and Holmes, 1981; Lattin
et al., 2014), though results are mixed (Leighton, 1993). Levels of CORT
measured in plasma during incubation in the two years before our
study (2011, 2012) were not associated with prior visitation to the Gulf
of Mexico during previous non-breeding periods (Franci et al., 2014).
So, even if the differences in CORTf we detected during non-breeding
were caused by visiting the Gulf of Mexico, the legacy of those effects
on gannet CORT physiology was probably limited. Taken together, this
suggests that use of the Gulf ofMexico has consequences for gannet ener-
gymanagement duringnon-breeding (measured byCORTf) that can carry
over to the breeding period (e.g., via hematocrit and triglyceride), but ef-
fects on CORT physiology do not persist to incubation. Considering that
gannets have a lifespan of 16 years (Mowbray, 2002) and exhibit very
high fidelity to non-breeding areas (Fifield et al., 2014), longitudinal stud-
ies could help clarify long-term effects of repeated use of specific non-
breeding areas. Indeed, in songbirds, the intensity of CORT responses dur-
ing non-breeding has been linked to return rates to non-breeding areas
(Angelier et al., 2009).
B
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Additional research is needed to determine how the individual state
of gannets upon arrival on breeding grounds (unknown in our study) is
related to both their non-breeding ecophysiology and subsequent phys-
iological condition throughout breeding. Quantifying actual dietary
composition, quantities, and energetic values for the birds in both pe-
riodswould provide better resolution of the diet and its impact on phys-
iology, particularly during molt when isotopic integration into feathers
occurs. When possible, experimentation and measuring exact feather
growth periods should likewise be goals of future research. Neverthe-
less, our results provide evidence that CORT physiology during non-
breeding is associated with subsequent physiological profile during in-
cubation. Considering that the location of gannet wintering areas ap-
pears to be influential, further studying the links among movements,
environmental conditions, and CORT physiology during non-breeding
could shed light on resulting condition during breeding. Investigations
of the fitness consequences of this variation in physiologywill be essen-
tial to fully understanding the mechanistic role CORT appears to play in
carry-over effects, and how this relates to exposure to natural and an-
thropogenic stressors during the non-breeding period.
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Appendix 1. Rankings of models in eachmodel set for 14 physiological response variables measured in northern gannets during breeding in
2013. Model rankings are based on Akaike's information criterion adjusted for small sample size (AICc) andmodel weights were normalized
to sum to 1 (Burnham and Anderson, 2002).
Response variable
 Rank
 Model terms
 AICc
 ΔAICc
 ωi
ody mass
 1
 Sex
 307.7
 0.00
 0.61

2
 CORTf + sex
 310.4
 2.70
 0.16

3
 Null
 311.7
 4.00
 0.08

4
 CORTf + sex + CORTf ∗ sex
 313.5
 5.80
 0.03

5
 δ15N
 313.6
 5.90
 0.03

6
 CORTf
 314.1
 6.40
 0.02

7
 δ13C
 314.1
 6.40
 0.02

8
 CORTf + δ15N
 316.3
 8.60
 0.01

9
 δ13C + δ15N
 316.5
 8.80
 0.01

10
 CORTf + δ13C + δ15N + sex
 316.7
 9.00
 0.01

11
 CORTf + δ13C + sex + CORTf ∗ sex
 316.7
 9.00
 0.01

12
 CORTf + δ13C
 316.8
 9.10
 0.01

13
 CORTf + δ15N + sex + CORTf ∗ sex
 317.2
 9.50
 0.01

14
 CORTf + δ13C + δ15N + sex + CORTf ∗ sex
 321.1
 13.40
 0.00
ematocrit
 1
 CORTf
 106.5
 0
 0.35

2
 CORTf + sex
 106.8
 0.3
 0.30

3
 CORTf + δ13C
 109.3
 2.8
 0.09

4
 CORTf + δ15N
 109.5
 3
 0.08

5
 CORTf + sex + CORTf ∗ sex
 110
 3.5
 0.06

6
 Null
 110.5
 4
 0.05

7
 Body mass
 112.3
 5.8
 0.02

8
 δ13C
 113.2
 6.7
 0.01

9
 δ15N
 113.2
 6.7
 0.01

10
 Sex
 113.2
 6.7
 0.01

11
 CORTf + δ13C + sex + CORTf ∗ sex
 113.4
 6.9
 0.01

12
 CORTf + δ15N + sex + CORTf ∗ sex
 113.8
 7.3
 0.01

13
 CORTf + δ13C + δ15N + sex
 113.9
 7.4
 0.01

14
 δ13C + δ15N
 116.1
 9.6
 0.00

15
 CORTf + δ13C + δ15N + sex + CORTf ∗ sex
 117.8
 11.3
 0.00
lucose
 1
 CORTf
 77.7
 0
 0.29
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continued)
Response variable
Tr

C

U

A

A

Rank
 Model terms
 AICc
 ΔAICc
 ωi
2
 CORTf + δ13C
 78.4
 0.7
 0.21

3
 Null
 79.5
 1.8
 0.12

4
 δ13C
 80.1
 2.4
 0.09

5
 CORTf + sex
 80.6
 2.9
 0.07

6
 CORTf + δ15N
 80.6
 2.9
 0.07

7
 δ15N
 82
 4.3
 0.03

8
 Sex
 82
 4.3
 0.03

9
 Body mass
 82.2
 4.5
 0.03

10
 δ13C + δ15N
 83.1
 5.4
 0.02

11
 CORTf + δ13C + sex + CORTf ∗ sex
 83.8
 6.1
 0.01

12
 CORTf + sex + CORTf ∗ sex
 83.8
 6.1
 0.01

13
 CORTf + δ13C + δ15N + sex
 84.4
 6.7
 0.01

14
 CORTf + δ15N + sex + CORTf ∗ sex
 87.4
 9.7
 0.00

15
 CORTf + δ13C + δ15N + sex + CORTf ∗ sex
 88.14
 10.44
 0.00
iglyceridea
 1
 CORTf
 −30.4
 0
 0.50

2
 CORTf + δ13C
 −28.1
 2.3
 0.16

3
 CORTf + δ15N
 −27.5
 2.9
 0.12

4
 CORTf + sex
 −27.3
 3.1
 0.11

5
 CORTf + sex + CORTf ∗ sex
 −25.5
 4.9
 0.04

6
 Null
 −23.9
 6.5
 0.02

7
 Sex
 −22.6
 7.8
 0.01

8
 δ13C
 −22
 8.4
 0.01

9
 CORTf + δ13C + sex + CORTf ∗ sex
 −21.8
 8.6
 0.01

10
 CORTf + δ15N + sex + CORTf ∗ sex
 −21.7
 8.7
 0.01

11
 δ15N
 −21.5
 8.9
 0.01

12
 Body mass
 −21.2
 9.2
 0.01

13
 CORTf + δ13C + δ15N + sex
 −20.9
 9.5
 0.00

14
 δ13C + δ15N
 −19.1
 11.3
 0.00

15
 CORTf + δ13C + δ15N + sex + CORTf ∗ sex
 −17.4
 13
 0.00
holesterol
 1
 δ15N
 57.9
 0
 0.26

2
 Body mass
 58.1
 0.2
 0.23

3
 Null
 58.5
 0.6
 0.19

4
 Sex
 60.7
 2.8
 0.06

5
 δ13C + δ15N
 60.8
 2.9
 0.06

6
 CORTf + δ15N
 60.9
 3
 0.06

7
 δ13C
 61
 3.1
 0.05

8
 CORTf
 61.1
 3.2
 0.05

9
 CORTf + sex
 63.5
 5.6
 0.02

10
 CORTf + δ13C
 63.9
 6
 0.01

11
 CORTf + δ15N + sex + CORTf ∗ sex
 66.8
 8.9
 0.00

12
 CORTf + sex + CORTf ∗ sex
 66.8
 8.9
 0.00

13
 CORTf + δ13C + δ15N + sex
 68
 10.1
 0.00

14
 CORTf + δ13C + sex + CORTf ∗ sex
 70.1
 12.2
 0.00

15
 CORTf + δ13C + δ15N + sex + CORTf ∗ sex
 71.4
 13.5
 0.00
ric acida
 1
 Null
 6.3
 0
 0.35

2
 Body mass
 7.3
 1
 0.21

3
 δ13C
 8.9
 2.6
 0.09

4
 Sex
 9
 2.7
 0.09

5
 CORTf
 9.1
 2.8
 0.09

6
 δ15N
 9.1
 2.8
 0.09

7
 δ13C + δ15N
 11.8
 5.5
 0.02

8
 CORTf + δ13C
 11.9
 5.6
 0.02

9
 CORTf + sex
 12
 5.7
 0.02

10
 CORTf + δ15N
 12.2
 5.9
 0.02

11
 CORTf + sex + CORTf ∗ sex
 14.1
 7.8
 0.01

12
 CORTf + δ13C + sex + CORTf ∗ sex
 16.8
 10.5
 0.00

13
 CORTf + δ15N + sex + CORTf ∗ sex
 18
 11.7
 0.00

14
 CORTf + δ13C + δ15N + sex
 19.1
 12.8
 0.00

15
 CORTf + δ13C + δ15N + sex + CORTf ∗ sex
 21.3
 15
 0.00
lkaline phosphatase
 1
 Body mass
 277.9
 0
 0.79

2
 Null
 283.6
 5.7
 0.05

3
 CORTf
 283.6
 5.7
 0.05

4
 CORTf + δ15N
 284.6
 6.7
 0.03

5
 δ15N
 284.8
 6.9
 0.03

6
 Sex
 285.9
 8
 0.01

7
 δ13C
 286.1
 8.2
 0.01

8
 CORTf + δ13C
 286.4
 8.5
 0.01

9
 CORTf + sex
 286.6
 8.7
 0.01

10
 δ13C + δ15N
 287.1
 9.2
 0.01

11
 CORTf + sex + CORTf ∗ sex
 289.8
 11.9
 0.00

12
 CORTf + δ15N + sex + CORTf ∗ sex
 290.8
 12.9
 0.00

13
 CORTf + δ13C + δ15N + sex
 291
 13.1
 0.00

14
 CORTf + δ13C + sex + CORTf ∗ sex
 293.6
 15.7
 0.00

15
 CORTf + δ13C + δ15N + sex + CORTf ∗ sex
 294.9
 17
 0.00
lanine aminotransferase
 1
 Body mass
 146.3
 0
 0.62
(continued on next page)
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Response variable
G

La

A

C

T

Rank
 Model terms
 AICc
 ΔAICc
 ωi
2
 Null
 149.3
 3
 0.14

3
 δ13C
 150.8
 4.5
 0.07

4
 δ15N
 151.1
 4.8
 0.06

5
 CORTf
 152.2
 5.9
 0.03

6
 Sex
 152.2
 5.9
 0.03

7
 CORTf + δ13C
 153.7
 7.4
 0.02

8
 δ13C + δ15N
 153.8
 7.5
 0.01

9
 CORTf + δ15N
 154.3
 8
 0.01

10
 CORTf + sex
 155.4
 9.1
 0.01

11
 CORTf + sex + CORTf ∗ sex
 159
 12.7
 0.00

12
 CORTf + δ13C + δ15N + sex
 161.6
 15.3
 0.00

13
 CORTf + δ13C + sex + CORTf ∗ sex
 161.7
 15.4
 0.00

14
 CORTf + δ15N + sex + CORTf ∗ sex
 162.3
 16
 0.00

15
 CORTf + δ13C + δ15N + sex + CORTf ∗ sex
 166.7
 20.4
 0.00
amma-glutamyl transpeptidase
 1
 Null
 159.2
 0
 0.34

2
 CORTf
 161.3
 2.1
 0.12

3
 Body mass
 161.4
 2.2
 0.11

4
 Sex
 161.8
 2.6
 0.09

5
 δ13C
 161.9
 2.7
 0.09

6
 δ15N
 161.9
 2.7
 0.09

7
 CORTf + sex
 163.7
 4.5
 0.04

8
 CORTf + sex + CORTf ∗ sex
 164.1
 4.9
 0.03

9
 CORTf + δ15N
 164.3
 5.1
 0.03

10
 CORTf + δ13C
 164.3
 5.1
 0.03

11
 δ13C + δ15N
 164.9
 5.7
 0.02

12
 CORTf + δ13C + sex + CORTf ∗ sex
 167.1
 7.9
 0.01

13
 CORTf + δ15N + sex + CORTf ∗ sex
 167.9
 8.7
 0.00

14
 CORTf + δ13C + δ15N + sex
 170.8
 11.6
 0.00

15
 CORTf + δ13C + δ15N + sex + CORTf ∗ sex
 171.5
 12.3
 0.00
ctate dehydrogenase
 1
 δ13C
 247.2
 0
 0.31

2
 Null
 248.3
 1.1
 0.18

3
 CORTf + δ13C
 249
 1.8
 0.13

4
 CORTf
 249.8
 2.6
 0.08

5
 Body mass
 250
 2.8
 0.08

6
 δ13C + δ15N
 250.1
 2.9
 0.07

7
 Sex
 250.5
 3.3
 0.06

8
 δ15N
 251
 3.8
 0.05

9
 CORTf + sex
 252.7
 5.5
 0.02

10
 CORTf + δ15N
 252.8
 5.6
 0.02

11
 CORTf + sex + CORTf ∗ sex
 255.4
 8.2
 0.01

12
 CORTf + δ13C + δ15N + sex
 256
 8.8
 0.00

13
 CORTf + δ13C + sex + CORTf ∗ sex
 256.2
 9
 0.00

14
 CORTf + δ15N + sex + CORTf ∗ sex
 259.2
 12
 0.00

15
 CORTf + δ13C + δ15N + sex + CORTf ∗ sex
 260.4
 13.2
 0.00
spartate aminotransferase
 1
 δ13C
 264.9
 0
 0.43

2
 Null
 267.3
 2.4
 0.13

3
 δ13C + δ15N
 267.5
 2.6
 0.12

4
 CORTf + δ13C
 267.9
 3
 0.10

5
 Sex
 268.4
 3.5
 0.07

6
 Body mass
 269.9
 5
 0.04

7
 CORTf
 270
 5.1
 0.03

8
 δ15N
 270
 5.1
 0.03

9
 CORTf + sex
 271.1
 6.2
 0.02

10
 CORTf + sex + CORTf ∗ sex
 272.6
 7.7
 0.01

11
 CORTf + δ13C + sex + CORTf ∗ sex
 273
 8.1
 0.01

12
 CORTf + δ15N
 273
 8.1
 0.01

13
 CORTf + δ13C + δ15N + sex
 273.2
 8.3
 0.01

14
 CORTf + δ15N + sex + CORTf ∗ sex
 276.4
 11.5
 0.00

15
 CORTf + δ13C + δ15N + sex + CORTf ∗ sex
 277.2
 12.3
 0.00
reatine kinasea
 1
 Body mass
 −21.3
 0
 0.96

2
 Sex
 −12.1
 9.2
 0.01

3
 Null
 −11.6
 9.7
 0.01

4
 δ15N
 −11.1
 10.2
 0.01

5
 CORTf
 −10.9
 10.4
 0.01

6
 CORTf + δ15N
 −10.5
 10.8
 0.00

7
 CORTf + sex
 −9.7
 11.6
 0.00

8
 δ13C
 −9.4
 11.9
 0.00

9
 CORTf + δ13C
 −8.5
 12.8
 0.00

10
 δ13C + δ15N
 −8.2
 13.1
 0.00

11
 CORTf + sex + CORTf ∗ sex
 −6.3
 15
 0.00

12
 CORTf + δ13C + δ15N + sex
 −5
 16.3
 0.00

13
 CORTf + δ15N + sex + CORTf ∗ sex
 −4.8
 16.5
 0.00

14
 CORTf + δ13C + sex + CORTf ∗ sex
 −3.6
 17.7
 0.00

15
 CORTf + δ13C + δ15N + sex + CORTf ∗ sex
 −1.3
 20
 0.00
otal protein
 1
 Null
 142.5
 0
 0.28

2
 Body mass
 143.1
 0.6
 0.21
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Response variable
H

Rank
 Model terms
 AICc
 ΔAICc
 ωi
3
 δ15N
 144.2
 1.7
 0.12

4
 Sex
 144.7
 2.2
 0.09

5
 δ13C
 144.8
 2.3
 0.09

6
 CORTf
 145.1
 2.6
 0.08

7
 δ13C + δ15N
 146.5
 4
 0.04

8
 CORTf + δ15N
 147.2
 4.7
 0.03

9
 CORTf + sex
 147.7
 5.2
 0.02

10
 CORTf + δ13C
 147.8
 5.3
 0.02

11
 CORTf + sex + CORTf ∗ sex
 148
 5.5
 0.02

12
 CORTf + δ15N + sex + CORTf ∗ sex
 149.2
 6.7
 0.01

13
 CORTf + δ13C + sex + CORTf ∗ sex
 151.8
 9.3
 0.00

14
 CORTf + δ13C + δ15N + sex
 153.5
 11
 0.00

15
 CORTf + δ13C + δ15N + sex + CORTf ∗ sex
 153.6
 11.1
 0.00
/L ratio
 1
 Null
 −50.3
 0
 0.35

2
 Sex
 −47.9
 2.4
 0.10

3
 CORTf
 −47.8
 2.5
 0.10

4
 δ13C
 −47.7
 2.6
 0.09

5
 δ15N
 −47.7
 2.6
 0.09

6
 Body mass
 −47.6
 2.7
 0.09

7
 CORTf + sex + CORTf ∗ sex
 −46.6
 3.7
 0.05

8
 CORTf + sex
 −45.4
 4.9
 0.03

9
 CORTf + δ15N
 −45.0
 5.3
 0.02

10
 CORTf + δ13C
 −44.9
 5.4
 0.02

11
 δ13C + δ15N
 −44.8
 5.5
 0.02

12
 CORTf + δ13C + sex + CORTf ∗ sex
 −43.3
 7
 0.01

13
 CORTf + δ15N + sex + CORTf ∗ sex
 −42.8
 7.5
 0.01

14
 CORTf + δ13C + δ15N + sex + CORTf ∗ sex
 −38.9
 11.4
 0.00

15
 CORTf + δ13C + δ15N + sex
 −38.4
 11.9
 0.00
a
Values were log-transformed to achieve normality.
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