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Summary

1. Life-history theory predicts a trade-off between costs of current reproduction and future sur-
vival of individuals. Studies of short-lived animals in general support this prediction. However,
the effect of nutritional stress during reproduction on survival of long-lived animals is poorly
understood.

2. We examined the link between nutritional stress, fecundity and return to a breeding colony
(hereafter ‘survival’) of black-legged kittiwakes (Rissa tridactyla) at two colonies with contrast-
ing patterns in adult survival, fecundity, and numerical trends.

3. We tested the observational (at Duck and Gull Is., Cook Inlet, Northern Gulf of Alaska) and
experimental (at Middleton L., Gulf of Alaska) relationships between variations in the secretion of
the stress hormone corticosterone (CORT) and food abundance. Then, we examined the relation-
ships between nutritional stress (as reflected in CORT), reproduction, and survival of individuals.
4. On average, CORT was higher in kittiwakes breeding on Duck I. (declining, low fecundity,
high survival) compared to those breeding on Gull I. (increasing, high fecundity, low survival).
5. At both colonies, CORT was directly negatively correlated with food abundance quantified
at sea. Experimental feeding of individuals ad libitum resulted in a reduction of CORT in birds
breeding on Middleton I. These results suggest that CORT is a reliable measure of food avail-
ability and defines nutritional stress (stress) in kittiwakes.

6. On Gull 1., where survival is low (86%), production of young declined as stress increased. On
Duck I., where survival is high (93%), parents always failed in raising young, though they experi-
enced a wide range of stress levels.

7. Survival of individuals is linked to their CORT levels during reproduction. High levels of
CORT predicted disappearance of individuals from both colonies.

8. The results support the hypothesis that nutritional stress during reproduction affects both
survival and reproduction in long-lived animals. However, even within a species the ways in which
survival and reproduction trade-off against each other may vary among populations. Results
suggest that reproductive consequences of nutritional stress might differ between declining and
increasing populations, which should be tested. We conclude that severity of nutritional stress
during reproduction is one of the major factors defining population processes in kittiwakes.
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problem. During the past three decades, precipitous popula-
tion declines have occurred among some seabirds in the
The identification of causes and consequences of stress in North Pacific (Byrd, Schmutz & Renner 2008). It has been
populations of wild animals is a fundamental ecological hypothesized that a long-term deterioration of food
resources during reproduction resulted in food-related
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1996; Piatt et al. 2007; Hunt et al. 2008). However, relation-
ships between food availability and stress have been quanti-
fied only rarely in free-living animals (in seabirds, see
Kitaysky, Piatt & Wingfield 2007), and the direct effect of
food-related stress on survival of individuals has yet to be
elucidated (Oro & Furness 2002; Grosbois & Thompson
2005; Sandvik ez al. 2005). Here we provide observational
and experimental evidence for food-related stress as a mech-
anistic link between fluctuations in food abundance during
reproduction and survival of black-legged kittiwakes (Rissa
tridactyla) at two colonies with contrasting patterns in
numerical trends, adult fecundity and survival.

Food limitations have long been suggested to control sea-
bird population dynamics via alteration of adult survival and
fecundity (Lack 1966). Life-history theory predicts a trade-off
between costs of current reproduction and future survival
(Stearns 1992), and in long-lived seabirds, nutritional limita-
tions are expected to affect fecundity rather than survival
(Cairns 1987). Data from several systems support this predic-
tion: changes in food abundance did not appear to affect
adult survival in the herring gull Larus argentatus (Pons &
Migot 1995); the Audouin’s gull Larus audoinii (Oro, Pradel
& Lerberton 1999; Oro et al. 2004); black-legged kittiwakes
in Shoup Bay, Gulf of Alaska, (Golet et al. 2004); or in black-
legged kittiwakes, common murres Uria aalge, and Atlantic
puffins Fratercula artica in Hornoya, western Barents Sea
(Sandvik et al. 2005). Yet, in other systems, i.c. black-legged
kittiwakes in Shetland (Oro & Furness 2002); thick-billed
murres Uria lomvia and razorbills Alca torda in Hornoya,
western Barents Sea (Sandvik et al. 2005); common murres in
Cook Inlet, Alaska, (Kitaysky, Piatt & Wingfield 2007), and
little auks A/le alle at Kongsfjorden, Norway, (Welcker et al.
2009), parents experienced reduced survival in response to
sub-optimal foraging conditions during reproduction. Sur-
prisingly, these studies suggest that different populations of
the same species of long-lived seabirds may resolve the sur-
vival/reproduction tradeoff differently.

Food shortages during reproduction are known to cause
nutritional stress in adults of several species of seabirds,
including kittiwakes (i.e. Kitaysky, Wingfield & Piatt 1999a;
Buck, O’Reilly & Kildaw 2007; Benowitz-Fredericks, Shultz
& Kitaysky 2008; Doody et al. 2008). Furthermore, several
studies have linked nutritional stress and survival of affected
individuals (Romero & Wikelski 2000; Kitaysky, Piatt &
Wingfield 2007). However, the effect of nutritional stress dur-
ing reproduction on survival of long-lived seabirds is still
poorly understood. The issue is at least two-fold: (i) the trade-
off between the life-history traits, such as adult survival and
reproduction, may vary among closely-related species and
populations within a species (i.e. Oro & Furness 2002 and Go-
let et al. 2004 for kittiwakes); and (ii) definitions, measures
and interpretations of ‘stress’ vary drastically across studies
(reviewed in Sapolsky, Romero & Munck 2000; Wingfield &
Kitaysky 2002; Romero 2004; Romero, Dickens & Cyr 2009).
Furthermore, given the multitude of factors (and logistical
difficulties) determining food availability in marine environ-
ments (i.e. Cairns 1987), most studies rely on qualitative

(‘good’ vs. ‘poor’) rather than quantitative measures of food
availability. However, the relationship between adult survival
and food availability is likely to depend on the severity of nutri-
tional stress incurred by breeding individuals (predicted — Eri-
kstad et al. 1998; observed — Kitaysky, Piatt & Wingfield 2007).
Thus, the mixed evidence on the relationship between adult sur-
vival and food availability may be the result of observing study
systems under different levels of nutritional limitation.

Traditional methods for measuring food-related stress in
free-living seabirds are not always effective (Piatt ez al. 2007).
In this context, food-related stress can be defined as changes
in the physiological condition of individuals experiencing a
shortage of food that affects their fecundity and/or post-
reproductive survival. In this study we used a field endocrinol-
ogy approach to measure stress, identify its causes and to
examine the hypothesized link between severity of food-
related stress and population processes. Birds respond to food
stress by increasing secretion of the steroid hormone cortico-
sterone (CORT, the primary avian glucocorticoid). Results of
controlled experiments suggested a direct relationship between
food availability and secretion of stress hormones in birds
(Kitaysky et al. 1999b; Kitaysky, Wingfield & Piatt 2001;
Pravosudov et al. 2001; Lynn, Breuner & Wingfield 2003;
Pravosudov & Kitaysky 2006). In free-living birds, food
abundance was directly negatively correlated with CORT
(Kitaysky, Piatt & Wingfield 2007), and experimental food
supplementations also reduced CORT secretion (Lanctot
et al. 2003; Clinchy et al. 2004). However, effects of food
supplementation on CORT are not consistent across the
reproductive season (e.g. Lanctot ef al. 2003), probably
reflecting the severity of nutritional limitations incurred by
breeding individuals. Specifically, the effect of supplementa-
tion would be apparent only if natural food availability is
limiting and causing nutritional stress in non-supplemented
(control) individuals.

The field endocrinology approach offers an opportunity to
discriminate between short-term and chronic effects of food
stress on free-living individuals (Kitaysky, Piatt & Wingfield
2007). Baseline (measured in the blood of undisturbed birds
immediately after capture) CORT concentrations increase
quickly (within hours-days) in response to a food shortage
(Lynn, Breuner & Wingfield 2003; Edwards 2004). During
prolonged food shortages, when animals are exposed to
chronically elevated baseline CORT secretion, their adrenal
capacity is enhanced (Akana ef al. 1992; Dallman et al.
2004), which results in higher maximum CORT production in
response to a standardized stressor (capture, handling and
restraint, sensu Wingfield 1994; hereafter called ‘acute stress’).
Thus acute stress-induced CORT levels may provide an inte-
grative measure of an individual’s nutritional history over
longer time periods (weeks) than baseline CORT (days) (Ki-
taysky, Piatt & Wingfield 2007). This is relevant to a study of
the relationship between adult survival and food availability
because the magnitude of the adrenocortical response to an
acute standardized stressor might reflect the duration of an
individual’s exposure to sub-optimal foraging conditions. In
other words, baseline CORT provides evidence of a short-
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term exposure to food shortages, whereas acute stress-
induced CORT indicates the duration and severity of food
shortages. Both measures of CORT have been shown to cor-
relate negatively with survival of animals; however, in some
cases, a negative correlation between acute stress-induced,
but not baseline, CORT and survival was found (Romero &
Wikelski 2001; Blas et al. 2007), whereas in others baseline
CORT was found to predict survival (Brown ez al. 2005; Ki-
taysky, Piatt & Wingfield 2007). Since survival is likely to
depend on the severity and duration of a food shortage, both
measures of nutritional stress might be useful.

The goals of this study were: (i) to quantify a relationship
between variations in food abundance and nutritional stress
in breeding seabirds, and (ii) to test a link between severity of
stress during reproduction and the patterns of fecundity and
survival of individuals.

Materials and methods

LONG-TERM OBSERVATIONAL STUDY

We conducted this study at two major seabird colonies in Cook Inlet,
Gulf of Alaska, from May-August in 1996-2002. The colonies are
about 100 km apart and are situated in oceanographically distinct
habitats (Robards ez al. 1999; Robards, Rose & Piatt 2002). Duck
Island (west side of Cook Inlet; 60°09’N, 152°34’W) is surrounded by
weakly stratified, relatively warm estuarine waters, whereas Gull
Island (east side of Cook Inlet; 59°35’'N, 151°19°W) is surrounded by
colder, oceanic waters with warm surface layers that result from run-
off (Robards et al. 1999). Kittiwakes are more numerous on Duck I.
colonies (approx. 10 000 breeding pairs) compared to Gull I. colonies
(approx. 5000 breeding pairs). However, the numbers of birds breed-
ing steadily declined at Duck Island (—4-3% per year) and increased
at Gull Island (+8:8% per year) over the last three decades (Piatt &
Harding 2007; Piatt et al. 2007). During this study, fecundity of kit-
tiwakes was relatively higher on Gull 1. (0-599 chicks/breeding pair)
than on Duck I. (0-016 chicks/breeding pair); whereas adult mortality
was consistently lower at Duck 1. (6:7% pa) than at Gull I. (14:5% pa)
(Piatt 2004; Piatt & Harding 2007).

In Cook Inlet, birds were captured from their nests using 9-m long
noose poles. In each year, we aimed to sample 10 birds approximately
every 2 weeks during May—August. At each colony and sampling per-
iod, an effort was made to minimize disturbance to focal birds prior
to their capture and to evenly distribute sampling among the pool of
accessible nests across the colony. Logistically our samplings goals
were not always possible and consequently we did not sample birds in
all years/stages (Fig. 1). Reproductive stages (from egg-laying
through hatching, hereafter called ‘incubation’, and chick-rearing)
and breeding status of birds were verified by the presence of eggs or
chicks at the capture site.

EXPERIMENTAL STUDY

Free-living black-legged kittiwakes nest on a modified radar tower on
Middleton Island (Gulf of Alaska, 59°26'N, 146°20°"W). All nest sites
are on wooden ledges that were constructed on the outside face of the
tower, and can be accessed from inside the tower (see Gill & Hatch
2002 for details). Nest sites are individually fitted with a sliding one-
way mirror that permits access to individual nests sites from within
the tower. Each site is equipped with a PVC feeding tube which allows
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Fig. 1. Inter-annual (1996-2002) and intra-seasonal (grouped by
sampling dates) dynamics of baseline (n = 419) and maximum
(n = 186) CORT (mean + SE) in black-legged kittiwakes breeding
on Duck and Gull Islands, Cook Inlet, Alaska. Open symbols and
shaded areas denote (mean + SD) baseline CORT (open square)
and maximal CORT (open circle) in adult black-legged kittiwakes
experimentally fed ad libitum on Middleton I. (n = 19).

supplementary food provisioning to nest occupants. During the
reproductive season of 2004, each day, birds (parents and their chicks)
at ‘fed’ nests were given fish 3 times per day at 0900, 1400 and 1800.
At each feeding, whole capelin (Mallotus villosus) were offered one at
a time, until nest occupants refused to take additional fish. Birds at
this site are marked with unique combinations of leg bands. Birds (19
supplementary fed and 13 control individuals) were captured during
chick-rearing by sliding a wire leg hook under the window — legs
hooks prevented departure for the several seconds needed to open the
window and bring the bird inside the tower for blood sampling.

BLOOD SAMPLING

For all birds (419 in Cook Inlet and 32 on Middleton .), initial blood
samples were taken within 3 min of capture [on average, 2-18 £+ 0-77
(SD) and 1-8 = 0-78 (SD) min, in Cook Inlet and Middleton I.
respectively]. In general for birds, it takes at least 3 min for levels of
CORT to begin to rise in the blood in response to capture (reviewed
in Romero & Reed 2005). In this study, the time after capture, within
3 min following the capture, did not affect CORT levels (Cook Inlet:
R® = 00002, F) 417 = 0069, P = 0-794; Middleton I.: R* = 00023,
Fi30 = 0068, P = 0-796). In Cook Inlet, the duration of colony
disturbance (e.g. an investigator’s presence in the vicinity of
breeding cliffs prior to capture of a focal individual) also did not affect
CORT levels in blood samples taken within three minutes after
capture (see Appendix S1 in Supporting Information). Thus, we con-
sidered the first sample (taken within 3 min after capture) as a base-
line measure of circulating CORT. Some birds in Cook Inlet and all
the birds on Middleton were then held in breathable mesh bags and
additional blood samples were taken at 10, 30 and 50 min post-cap-
ture. Because the rate at which CORT levels rise can differ among
individuals (e.g. Cockrem & Silverin 2002; Cockrem 2004), for each
bird we chose the sampling point which yielded the highest levels of
CORT; in all cases this was the 30 or 50 min sample. This parameter
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(maximum CORT level attained in response to a standardized stres-
sor, hereafter called ‘maximum CORT’) reflects the birds’ ability to
produce CORT. All bleeds were taken from the brachial vein, blood
samples were kept on ice until centrifugation to separate the plasma
from the red blood cells. Plasma was drawn off red blood cells and
kept frozen until assayed for CORT. While being held, birds were
measured and banded with metal US Fish and Wildlife bands and a
unique combination of colour plastic bands, which ensured that no
individual was sampled twice and allowed us to monitor individual
birds (see below).

Despite the different (and potentially less disturbing) capture
method, levels of CORT in blood samples (baseline and acute stress-
induced) of birds on Middleton I. were within the range of CORT lev-
els previously reported in long-term studies of free-living black-legged
kittiwakes captured using noose poles (Buck, O’Reilly & Kildaw
2007; Shultz & Kitaysky 2008; also see Appendix S2 in Supporting
Information). Thus, the different capture techniques were not likely
to bias comparisons of CORT levels between Middleton I and Cook
Inlet kittiwakes.

HORMONE ASSAY

Total corticosterone was measured using a radioimmunoassay (as
previously described in Kitaysky, Wingfield & Piatt 1999a). For each
sample, 20 pL of plasma were equilibrated with 2000 cpm of tritiated
corticosterone prior to extraction with 4-5 mL distilled dichlorome-
thane. After extraction, percent tritiated hormone recovered from
each individual sample was used to correct final values. Samples were
reconstituted in PBSG-buffer and combined with antibody and radio-
label in a radioimmunoassay (for general references on methodology
see Wingfield & Farner 1975; Wingfield & Kitaysky 2002). Inter-assay
variation, measured by assaying the 1 ng mL™" of corticosterone
standard in each assay, was less than 10% and it did not co-vary with
differences measured in plasma.

BEACH SEINES AND MID-WATER TRAWLS

We conducted the concurrent measurements of food abundance and
CORT on a regular schedule, which allowed us to examine the rela-
tionship between CORT levels and food abundances during within
the current week (June—August of 1996-1999) for beach seines and
within the current 2 weeks (late June — early August of 1996-1999)
for mid-water trawls. We used beach seines to measure forage fish
abundance in waters adjacent to breeding colonies where birds for-
aged, and mid-water trawls within a foraging range of kittiwakes
(50 km) around each colony (for general methods see Cailliet, Love &
Ebeling 1986; detailed methods are described in Robards et al.
(1999), Abookire, Piatt & Robards (2000), Abookire & Piatt (2005)).
Seine catch-per-unit-effort (CPUE) mirrored patterns of fish abun-
dance offshore in mid-water trawls (CPUE) and hydro-acoustic sur-
veys (Robards et al. 1999; Abookire, Piatt & Robards 2000; Piatt
2002). CPUEs were calculated as the total catch of all fish per seine
averaged by site and sampling period. Catches consisted (>99%) of
sand lance (Ammodytes hexapterus Pallas), pacific herring (Clupea
harengus pallasi), and Salmonidae, Osmeridae, and Gadidae (Piatt
et al. 2007). The body length of forage fishes sampled in beach seines
in general matched the size of ones captured by birds (Piatt 2002).
These fish species comprised >90% of seabirds diets during this study
(Kitaysky, Wingfield & Piatt 1999a; Piatt 2002). CPUE data were
log(x + 1) transformed to meet assumptions required for parametric
statistical procedures (Zar 1999).

REPRODUCTIVE PERFORMANCE

We examined relationships between CORT levels and estimates of
reproductive performance at all colonies from 1996-2001. Reproduc-
tive parameters were assessed using study plots and standardized
methods (Piatt et al. 2007). Breeding parameters were calculated as
the mean of plot means. We quantified timing of breeding as the mean
of plot medians for lay date. We calculated laying success as the num-
ber of nests with eggs per number of active nests, hatching success as
the number of eggs laid that hatched, and fledging success as the num-
ber of chicks fledged per number of chicks hatched. Chicks were con-
sidered to have “fledged’ successfully if they disappeared from the nest
site > 32 days after hatching, because 32 days is the minimum nest
departure age for black-legged kittiwake chicks in our study and we
never observed mortality in chicks older than 32 days. Fledging suc-
cess of birds breeding on Middleton I. in 2004 was estimated using the
same protocol.

SURVIVAL

We examined the relationship between CORT levels in individuals
during a given reproductive season and presence of those individuals
at the colony during subsequent reproductive seasons. We distin-
guished our estimate of survival from an estimate of ‘true’ survival,
because we did not survey all colonies in the region and thus are not
able to distinguish between mortality and emigration (Oro et al.
2004) when a bird was subsequently absent from the colony at which
it was banded. To measure survival of birds at all three colonies, we
captured adult breeding birds (actively attending a nest-site, egg or
chick) and marked them (as described above). We collected blood
from captured individuals for CORT and genetic analysis of gender
(only a sub-sample of birds was genetically sexed, see below). In sub-
sequent years we conducted re-sighting by intense daily searches
throughout the colony for about 6 weeks per year, starting at egg-lay-
ing and continuing until re-sighting curves reached a plateau, indicat-
ing that all marked birds present at the site had been encountered
(Hatch, Roberts & Fadley 1993). Several years of re-sighting effort
are recommended to ensure re-sighting of individuals that were pres-
entin a colony but may be missed if re-sighting effort is limited to only
one or two subsequent years (Lebrerton ez al. 1992). With 5 years of
effort, including 4 years (1996-2000) of banding followed by 4 years
(1997-2001) of re-sighting, and using only individuals with complete
re-sighting histories, we were able to distinguish among three scenarios
ofabird’s persistencein a colonyinrelation toits CORT during current
reproductive season. Specifically, individuals were either: (i) re-sighted
at the colony in the following year (hereafter ‘re-sighted’); (ii) skipped
the following year but were re-sighted during one or both of the two
subsequent years (‘skipped’); or (iii) were not re-sighted during the
following season and during two subsequent years (‘disappeared’).

SEXDETERMINATION

To identify gender of birds, we extracted genomic DNA from
blood samples following the salt-extraction protocol described in
Medrano, Aasen & Sharrow (1990) and modified as in Sonstha-
gen, Talbot & White (2004). We amplified DNA of 206 individu-
als using standard polymerase chain reaction (PCR) conditions
using the P8/P2 primer set to determine gender of each bird,
based on the chromo-helicase-binding domain (CHD) gene (Grif-
fiths et al. 1998). Sex was assigned based on the absence
(male:ZZ) or presence (female:ZWW) of the band for the W
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chromosome. For quality control purposes, DNA from approxi-
mately 20% of samples was re-extracted and re-processed.

DATA ANALYSIS

All analyses were conducted using STATISTICA statistical package.
Data were log-transformed to meet assumptions for parametric tests
(Zar 1999). Statistical analyses consisted of the following steps.

Measuring stress and identifying its causes

First, to examine whether differences in baseline CORT are intrinsic
to a colony (Duck I. vs. Gull 1.), and/or to the reproductive stage
(incubating and/or chick-rearing), we used the information-theoretic
approach to identify suitable models for predicting stress (CORT) in
adults (Burnham & Anderson 1998; Anderson, Burnham & Thomp-
son 2000). Specifically, we examined the relative contribution of col-
ony, reproductive stage, and year, based on ANova, multiple
regression, and ANcova approximating models. We tested 10 approxi-
mating models in this analysis (Table 1). We calculated the Akaike
Information Criterion for each approximating model using the for-
mula AIC = N In (6%)+2K, where N is sample size, o° is residual
sum of squares from a model divided by N, and K is the number of
parameters estimated in each model. We converted AIC to AIC, val-
ues, which is recommended when sample sizes are small relative to the
number of parameters being estimated (Burnham & Anderson 1998).
The model with the lowest AIC, was considered the best. Then we cal-
culated the Akaike weights (W) for each model using the formula:
W; = (exp(-0-5 x A;))/ ZRI.: 1(exp(—0-5 x A,)). These values indicate
the approximate probabilities that model i is the best model in the set
of models considered, and the relative likelihood that model i is better
than model j is Wi/ W;. Second, we used ANcova of the best approxi-
mating model identified in the previous step and food abundances
during current week as a covariate. Finally, to elucidate importance
of food abundance in determining CORT levels, we used linear
regression analyses of mean colony-specific CORT measured within
current week against mean food abundances measured during same
time period (2 weeks period in case of mid-water trawl CPUE).

Testing the relationships between CORT and reproductive
performance

We relied on estimates of reproductive performance derived on a col-
ony-wide (in case of Middleton ‘treatment-wide’) basis. In Cook Inlet,
concurrent sampling of birds for determination of CORT and repro-
ductive performance was done on different groups of birds to avoid

Nutritional stress and population processes 629

possible effects of capture on estimates of reproductive performance.
Relationships between baseline CORT levels and measures of the
reproductive performance were similar between Cook Inlet colonies
at the incubation stage (parallelism of slopes tests with P-values
>0-1). We used correlation analyses to examine relationships
between means of colony/year/stage specific CORT and reproduc-
tive performance values for incubation pooling data for both colo-
nies. The relationship between CORT and reproductive performance
at the chick-rearing stage was different between Cook Inlet colonies,
therefore we conducted ANcova (homogeneity of slopes model) fol-
lowed by correlation analyses separately for each colony.

Testing the relationships between CORT and survival

A detailed comparison of adult kittiwakes’ survival between Duck
and Gull colonies has been conducted (Piatt 2004; Piatt et al. 2007).
The specific goal of the current study was to determine survival of
individuals in relation to food-related stress they have experienced,
and thus we used a sub-set of all available data that included only
individuals with complete re-sighting histories that were also sampled
for CORT and not otherwise manipulated (n = 281). We used a two-
way ANOVA with baseline CORT levels as a dependent variable and
colony, fate of birds (re-sighted, skipped, and disappeared as defined
above) and interaction between colony and fate as factors. To test the
effect of gender, we included sex of individuals as a factor; sample
sizes were not sufficient to examine this relationship for each colony.
Sample sizes were also not sufficient to examine maximum CORT lev-
els in relation to re-sighting categories with colony (or sex) as a factor,
therefore that test was conducted separately on data limited to Gull I.
only and on data pooled for both colonies. For pair-wise comparisons
of the means we used Tukey HSD post-hoc tests.

Testing the effect of supplemental feeding on CORT

We conducted ANovas on baseline and maximum CORT where treat-
ment was used as factor. Average age of chicks was similar between
treatments and was not included in analyses.

Results
CORT LEVELS - OBSERVATIONAL STUDY
Baseline corticosterone

Information-theoretic modelling. The information-theoretic
approach identified a model with Year, Colony, Stage, and

Table 1. Models of baseline levels of CORT (n = 419) in black-legged kittiwakes breeding on Duck and Gull Island colonies during 1996-2002

using theoretic information criteria

Variables K AAIC, SSE W, Evidence ratio

Colony, year, stage, colony X year, colony X stage 9 0-000 36-184 0-430 1-00
Colony, year, stage, colony X year 7 1294 36659 0-225 191
Colony, year, stage 5 2:419 37-122 0-128 3-35
Colony, year 4 3:253 37-378 0-085 509
Year 3 3-550 37-587 0-073 590
Stage, year 4 3-991 37-444 0-058 7-36
Colony, stage 4 50-776 41-867 0-000 106150689950-39
Stage 3 53-841 42-380 0-000 491497167134:04
Colony 3 56-388 42-639 0-000 1756213128015:96
Constant 2 57-026 42911 0-000 2415670074444-53
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Table 2. Effects of year, colony, reproductive stage and CPUE (food abundance in terms of catch per unit effort) on baseline CORT in black-

legged kittiwakes breeding on Duck I. and Gull T

d.f. MS d.f.
Factor Effect Effect Error F P
(a) Model with no measures of food abundance included (n = 419)
Year 1 3-314 414 3782 0-000000
Colony 1 0-674 414 7-69 0-005798
Stage 1 0-665 414 7-58 0-006146
Colony X year 1 0-673 414 7-68 0-005836
Colony X stage 1 0-475 414 542 0-020402
(b) Model with food abundance measured by beach seine CPUE (n = 153)
Year 1 0-533 146 649 0-011909
Colony 1 0-153 146 1-86 0-174152
Stage 1 0-000 146 0-00 0-995971
Colony X year 1 0-126 146 1-53 0-218372
Colony X stage 1 0-025 146 0-30 0-585172
Beach seine CPUE 1 0-379 146 461 0-033502
(c) Model with food abundance measured by mid-water trawl CPUE (n = 49)
Colony 1 0-022 46 0-35 0-556846
Mid-water trawl CPUE 1 1-280 46 20-35 0-000044
Colony x mid-water trawl CPUE 1 0-025 45 0-40 0-531407

Colony x stage and Colony X year interaction terms as the
best approximating model for variations in baseline CORT of
kittiwakes breeding in Cook Inlet (Table 1).

Univariate  analysis  of  the best approximating
model. Corticosterone declined during the observation per-
iod 1996-2002 (Fig. 1; year effect: beta = —0-34; Table 2a);
average CORT level over the duration of the study was higher
on Duck I. compared to Gull I. (colony effect: beta = + 0-09;
Table 2a), and it was also higher during late season compared
to early season (stage effect: beta = +0-08; Table 2a). Sig-
nificant interaction terms (Colony X year and Colony X stage
effects; Table 2a) indicate that inter-colony differences in
CORT were not always consistent between years and repro-
ductive stages, and suggest that fluctuations in baseline
CORT can not be attributed to the effects of colony and
reproductive stage per se, rather they reflected changes in eco-
logical factors. Including a measurement of food (beach seine
CPUE) as a covariate in the best approximating model con-
firmed this. Specifically, the effects of Colony, Stage, Colony
X year, and Colony X stage disappeared and the effect of year
diminished when variations in food abundance was con-
trolled for (Table 2b).

Food abundance measured by two independent techniques
was in both cases directly negatively correlated with baseline
levels of CORT (Table 2b and c; Fig. 2).

Maximum acute stress-induced corticosterone

Maximum CORT levels were not different between colonies
(Colony effect: Fy 151 = 098, P = 0-324; Fig. 1). Maximum
CORT levels were higher in chick-rearing compared to
incubating birds (Stage effect: Fy 15, = 12:61, P = 0-0005),
and the stage effect was consistent between colonies
(Colonyxstage interaction term: Fy 15y = 199, P = 0-161).
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Fig. 2. The relationships between baseline CORT and food abun-
dance in black-legged kittiwakes breeding on Duck and Gull Is. dur-
ing 1996-1999 (mean + SE; light grey circles — beach seine CPUE;
black — mid-water trawl CPUE). Shaded area denotes baseline CORT
(mean £ SD) in adult black-legged kittiwakes experimentally fed ad
libitum on Middleton I. Baseline CORT (both colonies and all 4 years
combined) levels were negatively correlated with both measures of
food abundance — beach seine CPUE (R2 = 053, F1 15 = 1566, P =
0-0014, N = 16) and mid-water trawl CPUE (R2 = 096, F; 5 = 99-5;
P = 00006, N = 6).

Concurrent data for food abundance and maximum
CORT were available for seven sampling periods only (both
colonies and all years combined). Small sample sizes did not
allow us to test the direct relationship between food abun-
dance and maximum CORT. However, because baseline
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CORT is a reliable proxy for food abundance (see above), we
examined the relationships between max and baseline CORT
levels. We found that max CORT was positively (but weakly)
correlated with baseline CORT measured in the same indivi-
duals (R* = 0-15, Fy 50 = 334, P < 0:0001; n = 191).
Average colony-date specific maximum CORT levels were
more strongly positively correlated with average colony-date
specific baseline CORT measured 2 weeks prior (R> = 0-38,
Fi9 = 56, P = 0:042; n = 11). These results suggest that
maximum CORT is likely to reflect food availability within a
period of days to weeks prior to sampling.

CORTLEVELS - EXPERIMENTAL STUDY

Baseline CORT levels were lower in individuals fed ad libitum
compared to controls (Treatment effect: Fy30 = 1172,
P = 0-0018; Fig. 3a). Experimental treatment also affected
the adrenocortical response to acute stress of handling and
restraint - maximum CORT levels of individuals fed ad libi-
tum were lower compared to those of controls (Treatment
effect: Fy30 = 1036, P = 0-0031; Fig. 3b). Baseline and
maximum CORT of individuals fed ad /libitum were lower
than (i.e. baseline) or similar to (i.e. maximum) the lowest
CORT levels measured in birds breeding in Cook Inlet
(Figs 1 and 2). CORT levels of control individuals (unfed)
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Fig. 3. Effect of experimental feeding ad libitum on (a) baseline and
(b) maximum acute stress-induced levels of CORT (mean + SE) in
black legged kittiwakes breeding on Middleton I.
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were at the low end of the range of CORT levels measured in
Cook Inlet (see Figs 1 and 3).

BASELINE CORT AND REPRODUCTIVE PERFORMANCE

Baseline CORT at the incubation stage was positively corre-
lated with egg-laying chronology (high CORT associated
with delayed egg-laying; R = 0-87, P = 0002, N = 9;
Fig. 4a), negatively correlated with laying success
(R = -075, P = 0021, N = 9), and was not significantly
correlated with clutch size (R = —0-51, P = 0161, N = 9)
or hatching success (R = —042, P = 0267, N = 9).
Striking inter-colony differences in the relationship
between baseline CORT of brooding (chick-rearing birds)
and colony-wide fledging success was found (Colony effect:
I s = 889, P = 0-0002; baseline CORT effect: F; s = 992,
P = 0-025; Colony X baseline CORT interaction term:
Fy5s = 1351, P = 0:014; Fig. 4b). On Gull I., baseline
CORT was negatively correlated with fledging success
(R = -094, P = 0018, N = 5; Fig. 4b), whereas on Duck
I. birds almost always completely failed regardless of baseline
CORT (Fig. 4b). A comparison of reproductive perfor-
mances of Middleton I. supplemental feeding and control
treatments suggest that CORT was higher and fledging
success was lower in controls compared to fed birds (Fig. 4b).
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Fig. 4. The relationships between CORT (mean + SE) and colony-
wide reproductive performance at (a) incubation and (b) chick-rear-
ing.
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CORT AND SURVIVAL

Baseline CORT, Cook Inlet. There was a significant dif-
ference in baseline CORT among re-sighted, skipped and dis-
appeared birds at colonies in Cook Inlet (Re-sighting
category effect: [ 575 = 446, P = 0-012; Fig. 5a). The rela-
tionship between baseline levels of CORT and re-sighting of
kittiwakes at the colonies was similar between Duck and Gull
colonies (Colony effect: F} 575 = 0-33, P = 0-566; Colony x
re-sighting interaction term F5 575 = 0:35, P = 0:709). Base-
line CORT levels were higher among birds that were not
re-sighted during three consecutive reproductive seasons
(disappeared; Fig. 5a) compared to birds that were re-sighted
during a following reproductive season (Tukey post-hoc
P < 0-001). CORT levels in birds that skipped the next
season but were re-sighted during the following two seasons
were not different from those in birds that disappeared
(P = 0-146) or were re-sighted (P = 0-413).

In a smaller dataset (N = 175; data for both colonies were
combined for this analysis because an insufficient number of
known sex individuals among ‘skipped’ and ‘disappeared’
birds were sampled at Duck I.), where sex of birds was deter-
mined, there was still a significant effect of re-sighting
(Re-sighting category effect: F> 160 = 449, P = 0-013). There
were no differences in baseline CORT among re-sighted,

1207
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1:80-
175
1701

165 1

log10 Maximal CORT [ng mL-!] &

1-60

Re-sight (n = 69)

Skipped (n=9) Disappeared (n =9)

Fig. 5. Survival of adult black-legged kittiwakes in colonies on Duck
& Gull Is. in relation to their (a) baseline CORT; and (b) maximal
acute stress-induced CORT. CORT shown as mean + SE, sample
sizes (n) in groups with different re-sighting histories are reported in
parenthesis.

skipped and disappeared males and females (Sex effect:
Fy 160 = 0073, P = 0-788; Sex x re-sighting interaction term
F2,l69 = 016,P = 0852)

Maximum CORT, Cook Inlet. There was a significant
difference in maximum CORT among re-sighted, skipped
and disappeared birds at Gull I. (Re-sighting category effect:
F61 = 403, P = 0-023). Sex of birds did not affect this rela-
tionship (Sex effect: Fy 43 = 091, P = 0-765). There was also
a significant difference in maximum CORT among re-sighted,
skipped and disappeared birds when data for both colonies
were pooled (Re-sighting category effect: Fhgq = 463,
P = 0012; Fig. 5b). For the later dataset, maximum CORT
levels were higher among birds that were not re-sighted
during three consecutive reproductive seasons (disappeared;
Fig. 5b) compared to birds that were re-sighted during a
following reproductive season (Tukey post-hoc P = 0-018).
CORT levels in birds that skipped next season but were
re-sighted during the following two seasons were not different
from those in birds that disappeared (P = 0-276) or were
re-sighted (P = 0:616).

Baseline and maximum CORT, Middleton I. All controls
and experimentally fed individuals (n = 32) were re-sighted
during the following season (Fig. 6).

O Middleton 1. ad lib fed
@ Middleton I. controls

@ Duck & Gull Is. o

Disappeared

Skipped @

Re-sight H{H HEH (]

0-00 0-25 0-50 0-75 1-00 1-25
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Di d!| @ Middleton I. controls ®
1sappeare ® Duck & Gull Is.
Skipped —@—
Re-sight H —+

1.45 1.55 1-65 1.75 1-85 1.95
log10 Maximum CORT (ng mL-1)

Fig. 6. Re-plotofdata from Figs 3 and 5 toillustrate the idea that sur-
vival of black-legged kittiwakes depends on food availability in a
‘threshold” manner. CORT levels (upper panel — baseline; low panel —
maximum acute stress-induced) are used as proxy for food availability.
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Discussion

Fluctuations in availability of food have long been
hypothesized to play a major role in regulating seabird
populations. In this study we used a field endocrinology
approach to measure stress, identify its causes, and
examine the hypothesized link between food-related stress
and population processes in the black-legged kittiwake.
A long-term series of measurement of stress and food
abundance, and a controlled experiment manipulating
food intake of free-ranging individuals, allowed us to
establish (i) a direct link between changes in food abun-
dance and stress status of individuals; (ii) negative effects
of food-related stress on fecundity; and (iii) negative
effects of food-related stress on local survival of individ-
uals. Results support the study hypothesis: nutritional
stress affected fecundity and survival of individuals.
Severity of stress determined how specific fitness compo-
nents were affected — initial increases of nutritional stress
resulted in fecundity losses, whereas further deterioration
of foraging conditions affected adult survival. The most
interesting finding is that although kittiwakes incurred
comparable nutritional stress levels at both colonies, Gull
I. kittiwakes continued to invest in reproduction under
sub-optimal conditions, which probably resulted in over-
all elevated post-breeding mortality at that colony (Piatt
et al. 2007). In contrast, over the same range of condi-
tions Duck I. kittiwakes consistently failed in their repro-
ductive efforts, and exhibited higher survival (Piatt ez al.
2007). This suggests that, even within a species and geo-
graphic region, the ways in which survival and reproduc-
tion trade-off against each other may vary among
colonies.

CORT AS AMEASURE OF NUTRITIONAL STRESS

Corticosterone is an important regulator of energy metabo-
lism and thus is expected to fluctuate during nutritional limi-
tations (reviewed in Sapolsky, Romero & Munck 2000;
Romero 2004). Consequently, several studies suggested that
CORT may provide information on the stress status of indi-
viduals in relation to abundance of their food (Kitaysky,
Wingfield & Piatt 1999a; Romero & Wikelski 2000; Lanctot
et al. 2003; Clinchy et al. 2004; Kitaysky, Piatt & Wingfield
2007). However, using CORT as a direct measure of food
availability in free-ranging animals has been somewhat con-
troversial (e.g. Lanctot ef al. 2003). One concern is that
CORT production in birds may reflect population-specific
parameters and/or endogenous changes in physiology of
individuals at different stages of their life cycle (i.e. Wingfield
1994; Romero, Ramenofsky & Wingfield 1997; Kitaysky
et al. 1999b; Romero 2002; Landys, Ramenofsky & Wing-
field 2006). Another possibility is that CORT may be released
in response to a wide range of adverse environmental condi-
tions unrelated to food (Wingfield 1994; Wingfield, Bruener
& Jacobs 1997). It was also not well known whether elevated
levels of CORT would only be associated with famine (i.e.
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Romero & Wikelski 2000), or might also reflect moderate
changes in food supplies (i.e. Kitaysky, Piatt & Wingfield
2007).

We have previously addressed some of these concerns using
observational studies of free-ranging seabirds (Kitaysky,
Piatt & Wingfield 2007; Benowitz-Fredericks, Shultz &
Kitaysky 2008; Shultz & Kitaysky 2008). In this current study
we present further observational and experimental evidence
for CORT secretion as a quantitative link between changes in
food abundance and stress status in seabirds. Contrary to the
first argument, a long-term series of data in our study revealed
that secretion of CORT does not reflect changes that are spe-
cific for a particular colony or reproductive stage. Although
CORT levels were on average higher on Duck I. compared to
Gull I., we did not find a consistent effect of the colony across
years (Fig. 1). Our results show clearly that patterns of
CORT secretion may change in all possible ways among
stages (see Fig. 1), and therefore do not reflect endogenous
physiological cycles, or consistent patterns generated by trig-
gers associated with reproductive stages. Results of this study
are consistent with results for common murres (Kitaysky, Pi-
att & Wingfield 2007); thick-billed murres Uria lomvia and
least auklets Aethia pusilla (Benowitz-Fredericks, Shultz &
Kitaysky 2008), and kittiwakes (Buck, O’Reilly & Kildaw
2007; Shultz & Kitaysky 2008), and do not support the earlier
suggestion (Kitaysky, Wingfield & Piatt 1999a) that the
intrinsic contribution of reproductive stage is one of the driv-
ing forces for changes in the adrenal activity in long-lived sea-
birds.

In contrast to the second argument that a multitude of
environmental factors is concurrently affecting the adrenal
activity, our results show that in breeding black-legged kit-
tiwakes the variability in CORT levels is largely explained by
the variations in food supply (Fig. 2). Specifically, the analyti-
cal approach used in the observational component of this
study confirmed this: univariate analyses of the best approxi-
mating model (based on the information-theoretic analysis)
showed that colony and reproductive stage had no effect on
CORT levels when these factors (with a potentially inherent
effect on CORT secretion) were controlled for changes in
food availability (Table 2). Results of the controlled experi-
ment on free-ranging kittiwakes on Middleton I. provided
unequivocal evidence supporting the observational studies —
individuals fed ad libitum had the absolute minimal (zero
nutritional stress) CORT compared to those measured in
Cook Inlet (this study) and in the Bering Sea (Shultz & Kitay-
sky 2008; see Appendix S2 in Supporting Information). All of
our sampling was ‘biased’ toward fit breeders because individ-
uals that were sick, heavily parasitized or had not accumu-
lated sufficient resources to participate in reproduction, were
not at the colonies to be sampled. Similar to our earlier study
(Kitaysky, Piatt & Wingfield 2007), we would argue that the
selection criteria we used to sample birds are essential to
examine a functional link between food-related stress and
population processes in seabirds. We would also argue that
even the best possible sampling of food abundance in marine
environments (including beach seine and mid-water trawls we
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used in this study) would not measure food availability. Yet,
food availability is the only true measure of foraging condi-
tions for animals, and it varies depending on vertical distribu-
tion and density of patches, distance from a breeding colony,
energetic density of prey, etc. (i.e. Cairns 1987). For example,
we found that foraging conditions of surface-foraging kit-
tiwakes, and pursuit-diving auklets and murres breeding at
the same colonies often varied in opposite ways — what was a
‘good’ season for one species was a ‘bad’ season for another
and vice versa (Kitaysky et al. 2000; Benowitz-Fredericks,
Shultz & Kitaysky 2008).

To conclude thus far, multiple controlled experiments
and observations of adrenal function in wild birds sug-
gested that CORT secretion may be used to assess nutri-
tional stress in breeding seabirds. Results obtained earlier
(Kitaysky, Piatt & Wingfield 2007) and in this current
study (observational and experimental) provide strong evi-
dence for a direct quantitative relationship between natural
variability in food and the adrenocortical function in
breeding seabirds of different phylogenetic lineages, life-his-
tory traits and foraging ecology. This study quantified the
levels of nutritional stress from ‘zero-stress’ in birds fed ad
libitum on Middleton I. to ‘maximum-stress’ in birds that
disappeared from the breeding populations in Cook Inlet.
CORT secretion is a reliable measure of food-related stress
and can be used to gauge relative food availability in free-
ranging seabirds.

FOOD-RELATED STRESS AFFECTS FECUNDITY

The question remained whether naturally occurring levels
of nutritional stress are relevant to reproduction of wild
animals (i.e. Lanctot et al. 2003; Lormee et al. 2003; Cris-
colo et al. 2005; Angelier et al. 2007a; but see Silverin 1986;
Buck et al. 2007; Love et al. 2004; Angelier et al. 2007b;
and in press). We found a negative relationship between
increased CORT secretion and fecundity. Because we were
able to identify the changes in food abundance as a major
factor affecting CORT, this study provides direct support
for the hypothesis that food-related stress during reproduc-
tion can contribute to decreased fecundity of seabirds. The
relationship between CORT and fecundity depends on
severity of nutritional limitations and it may be causal.
CORT is involved in regulation of body maintenance pro-
cesses in part by modifying behaviour of individuals in
accordance with ecological and life-history events (Wing-
field & Kitaysky 2002; McEwen & Wingfield 2003; Landys,
Ramenofsky & Wingfield 2006; Romero, Dickens & Cyr
2009). In particular, an increase in baseline CORT in parent
seabirds changes allocation of resources away from repro-
ductive processes (by decreasing parental care) and towards
body maintenance (by increasing foraging; Angelier ez al.
2007b; Kitaysky, Wingfield & Piatt 2001). Supporting this,
several studies (Harding, Piatt & Shmutz 2007; Harding
et al. 2007; Piatt et al. 2007) found that seabirds’ allocation
time to attending their chicks at the colony is sensitive to
declines in food abundance. Thus, CORT secretion might

be a physiological mechanism (direct or in synergy with
other hormones, i.e. prolactin — Angelier et al. 2009, in
press) linking changes in food availability and parental
resource allocation in seabirds (Kitaysky, Wingfield & Piatt
2001; Angelier et al. 2007b; Bokony et al. 2008).

Yet, the relationship between nutritional stress and fecun-
dity is not always linear in the black-legged kittiwake. At the
beginning of the reproductive season, Duck I. and Gull I. kit-
tiwakes responded similarly to changes in food availability —
increased nutritional stress affected timing and success of egg-
laying in a linear fashion on both colonies (Fig. 4). Lanctot
et al. (2003) also reported low laying success in kittiwakes
with elevated CORT. These observations corroborate the ear-
lier prediction (Drent & Daan 1980) that seabirds should
respond to food shortages by delaying reproduction until they
accumulated sufficient resources to initiate breeding (also see
Shultz ez al. 2009 for empirical support of this prediction).
However, we observed a drastic difference in responses to
nutritional stress between Gull I. and Duck I. birds during
chick-rearing. At Gull I., high levels of stress induced a reduc-
tion but never a complete failure of birds in raising young, but
Duck I. birds experienced complete failure over the entire
range of stress levels. As predicted (Cairns 1987; Erikstad
et al. 1998; Piatt et al. 2007), reproductive responses of Mid-
dleton and Duck Is. kittiwakes to nutritional stress appeared
to be a negative exponential function (a small increase in
stress triggered a large reduction in reproductive perfor-
mance, Fig. 4). Coupled with observations of low survival
probabilities in Gull 1. birds compared to Duck and Middle-
ton Is. birds (Hatch, Roberts & Fadley 1993; Piatt et al.
2007), this scenario suggests that Duck I. birds might be pur-
suing a long-term strategy (and fewer individuals are willing
to incur survival costs under sub-optimal conditions),
whereas Gull 1. birds are investing in reproduction despite
survival costs associated with high nutritional stress. This is
interesting as it suggests intra-specific flexibility in life-history
strategies (‘slow-reproducing but long-lived’ vs. ‘fast-repro-
ducing but short-lived’) of a long-lived animal (Pugesek
1990). Because Duck and Middleton Is. colonies experienced
drastic population declines during the last three decades, and
Gull I. colony increased exponentially during the same per-
iod, selection against fast-living behavioural phenotypes or
their immigration from the declining colonies seem possible
(Erikstad et al. 1998). Several studies suggested that Atlantic
and Pacific populations of black-legged kittiwakes represent
extremes of such slow-fast continuum — Atlantic kittiwakes
reproduce at a high rate and experience low survival, with the
opposite observed for Pacific kittiwakes (i.e. Frederiksen,
Harris & Wanless 2005; Suryan et al. 2009). However, an
interesting observation we made in this study is that presum-
ably fast-living Gull I. birds experienced low survival while
their fecundity was still low compared to Atlantic kittiwakes
(Piatt et al. 2007). Whether or not these strategies are associ-
ated with population trajectories, are evolutionarily stable, or
reflect genetic, epigenetic or demographic (i.e. age) differences
among kittiwakes breeding on our study colonies is not cur-
rently known.
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FOOD-RELATED STRESS AFFECTS SURVIVAL OF
INDIVIDUALS

It is not well understood whether or not food is a major cause
of changes in adult seabird survival (Aebischer & Coulson
1990; Sandvik et al. 2005). To establish how food-related
stress during reproduction affects survival of adults, food
availability should be measured, which is difficult (Cairns
1987; Oro & Furness 2002; Piatt er al. 2007). This study sug-
gests that monitoring CORT levels in breeding individuals
might offer a solution to this critical issue. Results of this
study show that low food availability resulting in severe nutri-
tional stress (defined by the magnitude, baseline CORT, and
by the duration, maximum CORT) is an important factor
determining return of kittiwakes to a breeding colony. Specif-
ically, individuals that ‘disappeared’ from the colonies had
higher baseline and maximum acute stress-induced levels of
CORT compared to individuals that were ‘re-sighted’
(Fig. 6). However, unlike effects of nutritional stress on
fecundity (i.e. laying success), adult survival in kittiwakes is
likely to be affected by deteriorating food availability in a
‘threshold manner’ (sensu Piatt et al. 2007; Fig. 6). Survival
of adults was not affected within a relatively wide range of ini-
tial increases in nutritional stress (Fig. 6). However, as nutri-
tional stress reached a certain threshold, survival of adults
dropped precipitously, as Erikstad et al. (1998) predicted in
their theoretical model for long-lived birds breeding in a sto-
chastic environment. This result supports the hypothesis that
population processes, and the main factor contributing to
population dynamics in seabirds — adult survival — are con-
strained by food resources during reproduction. These results
maybe interpreted in two ways: (i) food stress and/or elevated
CORT is detrimental to the survival of affected individuals
and birds that disappeared from the colony died. Chronically
elevated CORT secretion might be causal in determining sur-
vival of individuals. Several studies have shown a negative
relationship between endogenous CORT and survival of ani-
mals (Romero & Wikelski 2000; Brown ef al. 2005; Blas et al.
2007; Kitaysky, Piatt & Wingfield 2007). Experimentally sim-
ulated chronic stress (using exogenous corticosterone applica-
tion) resulted in high mortality of kittiwakes (Kitaysky,
Wingfield & Piatt 2001). (i) Food stress and/or elevated
CORT induced birds to skip reproduction or relocate. In the
latter case, CORT may be functioning as an anti-stress mech-
anism allowing long-lived birds to avoid being stressed by
skipping reproduction or permanently leaving the food-poor
colony (Wingfield & Kitaysky 2002). Either way, the disap-
pearance of breeders from a colony was associated with sever-
ity of nutritional stress they incurred during reproduction.
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