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Abstract

Over the last decade, field endocrinologists have explored the efficacy of using plasma corticosterone concentrations of breeding
seabirds as an indicator of food availability and predictor of breeding success. However, studies have been predominately confined to
adults and the results have been inconsistent. We examined the relationship between the productivity of black-legged kittiwakes (Rissa

tridactyla) and the baseline and stress-induced corticosterone levels of 12–15 day-old kittiwake chicks in a multi-year study in Chiniak
Bay, Kodiak, Alaska. We predicted that corticosterone levels would negatively correlate with productivity. Productivity decreased across
years from relatively high levels in 2002, to very low levels in 2004 and 2005. Baseline corticosterone levels of the chicks did not increase
consistently across years. Stress-induced corticosterone levels were statistically indistinguishable in high productivity years but increased
significantly in low productivity years. The decline in kittiwake productivity coincided with warming ocean conditions, which, histori-
cally, are linked to declines in forage abundance for kittiwakes. Inconsistent changes in baseline corticosterone levels suggest some adult
kittiwakes were able to buffer their chicks from poor foraging conditions. However, large increases in stress-induced corticosterone levels
during the low productivity years indicate chicks were physiologically stressed for some period prior to sampling. Our results suggest that
stress-induced corticosterone levels of kittiwake chicks are effective indicators of productivity in poor years, whereas the changes in base-
line corticosterone levels across years are not as pronounced and therefore may not be as reliable.
� 2008 Elsevier Inc. All rights reserved.
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1. Introduction

Seabirds are widely considered effective bioindicators of
marine ecosystems (Aebischer et al., 1990; Montevecchi
and Myers, 1995; Springer et al., 1996; Furness and Cam-
phuysen, 1997; Hyrenbach and Veit, 2003; Parrish and
Zador, 2003). This is due in part to the sensitivity of their
productivity to fluctuations in forage availability. Years of
reduced prey availability or poor foraging conditions often
correlate with declines in seabird productivity (e.g.,
Springer et al., 1984; Harris and Wanless, 1990; Kitaysky
and Golubova, 2000), while rebounds of prey stocks have
0016-6480/$ - see front matter � 2008 Elsevier Inc. All rights reserved.
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led to significant increases in seabird populations (e.g.,
Montevecchi and Myers, 1997).

Over the last decade, field endocrinologists have
explored the effectiveness of using plasma corticosterone
levels of individuals as an index of forage availability and
predictor of breeding success in seabird populations
(Wingfield et al., 1997; Kitaysky et al., 1999b; Buck
et al., 2007). Corticosterone is a glucocorticoid released
by the hypothalamic-pituitary-adrenal (HPA) axis in birds
and other vertebrates (Sturkie, 1986). During normal life
history stages, basal corticosterone levels play a prominent
role in regulation of a suite of processes necessary for
individual survival (e.g., metabolic regulation, immune
function, gluconeogenesis; Sapolsky et al., 2000; Dhabhar,
2002; Wingfield and Kitaysky, 2002). Under stressful
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conditions, i.e., when an individual’s energetic demand sur-
passes availability, the HPA axis responds by increasing
circulating levels of corticosterone (McEwen and Wing-
field, 2003). This stress-induced increase in corticosterone
concentration facilitates physiological and behavioral
changes that allow the individual to either endure or avoid
the stressor while maintaining or regaining energetic
homeostasis (e.g., mobilization of endogenous energy
reserves, increased foraging behavior, suspension of repro-
ductive behavior; Romero, 2002; Reeder and Kramer,
2005; Wingfield, 2005). Repeated or constant exposure to
stressors elicits both chronically elevated basal corticoste-
rone levels and more profound increases in concentrations
of corticosterone in response to novel stressors (Caggiula
et al., 1989; O’Connor et al., 2004). Although short-term
elevations of corticosterone levels are beneficial to an indi-
vidual, protracted high concentrations of corticosterone
can be detrimental, leading to, among other things, muscle
wasting, suppression of the immune function, inhibition of
the gonadal axis and neuronal cell death (Johnson et al.,
1992; Sapolsky et al., 2000; Wingfield and Kitaysky, 2002).

The black-legged kittiwake (Rissa tridactyla; hereafter:
kittiwake) is a well studied piscivorous seabird distributed
widely throughout the north temperate latitudes (Baird,
1994). It is well established that brood rearing in kittiwakes
is energetically costly, resulting in increased levels of circu-
lating corticosterone, deteriorated body condition and
reduced over-winter survival as compared with non-breed-
ing conspecifics (Kitaysky et al., 1999b; Moe et al., 2002;
Golet et al., 2004). Recent studies indicate kittiwakes invest
less effort in brood rearing when foraging conditions are
poor and even suggest that breeding kittiwakes may be able
to judge foraging conditions during the incubation period
and decide accordingly how much energy to invest in the
brood rearing stage (Jodice et al., 2006; Suryan et al.,
2006). Such strategies reflect a fitness trade off between cur-
rent and future reproductive output.

It is probable that such decisions are made at the indi-
vidual level (Cam et al., 1998; Cam and Monnat, 2000).
Results of studies attempting to link corticosterone concen-
trations of adult kittiwakes to foraging conditions and
breeding success are somewhat inconsistent. In a study of
spatial variation in local foraging conditions, Kitaysky
et al. (1999b) found that baseline corticosterone levels of
breeding kittiwakes were significantly elevated in a food
poor colony compared to those in a food rich colony. Sim-
ilarly, on a temporal scale Buck et al. (2007) found that
interannual reductions in the colony productivity of kit-
tiwakes, attributed to declining foraging conditions, was
reflected in increased baseline corticosterone levels in adult
kittiwakes. However, Lanctot et al. (2003) found that base-
line corticosterone levels of adult kittiwakes were not a reli-
able gauge of foraging conditions; rather, they were merely
reflective of breeding experience and body condition of
adults upon arrival to the colony.

We are aware of no studies exploring the potential rela-
tionship between corticosterone concentrations of individ-
ual free-living seabird chicks and the breeding success of
a seabird population (although see Blas et al., 2005). Multi-
ple investigations indicate that seabird chicks have fully
functioning HPA axes that respond to nutritional limita-
tions with increased baseline and stress-induced corticoste-
rone levels (e.g., Nunez-de la Mora et al., 1996; Kitaysky
et al., 1999a, 2001). However, these studies were primarily
conducted in captivity to specifically address the effects of
food limitation on individuals.

The objective of our study was to determine whether
baseline and stress-induced corticosterone levels of nest-
bound kittiwake chicks accurately reflect population-wide
productivity of kittiwakes. We assessed productivity (num-
ber of fledglings per nesting attempt) of kittiwakes and
baseline and stress-induced corticosterone levels of kitti-
wake chicks across four consecutive breeding seasons
(2002–2005) in Chiniak Bay, Kodiak Island, Alaska. We
predicted baseline and stress-induced levels of corticoste-
rone would negatively correlate with productivity.

2. Methods

2.1. Study location

Chiniak Bay (57�400N, 152�200W) is located on the northeast coast of
Kodiak Island and is approximately 20 � 20 km. Kittiwakes nest on the
cliff faces of multiple small islands and rock stacks located throughout
the bay. During this study, the kittiwake population ranged between
9000 and 12,000 nesting pairs distributed among 21 colonies (Kildaw
et al., 2005a; Fig. 1). Kittiwakes surface-feed almost exclusively on forage
fishes and range upwards of 60–80 km from the colony (Baird, 1994; Sur-
yan et al., 2000; Daunt et al., 2002); consequently, we assume birds
throughout Chiniak Bay are exposed to the same foraging and environ-
mental conditions. We sampled chicks for blood from three easily accessed
colonies in Chiniak Bay: Gibson Cove (GC), Gull Island (GU) and Mary
Island (MA).

2.2. Productivity

We conducted annual counts of nests and chicks throughout Chiniak
Bay to determine indices of productivity. We counted nests following
the onset of egg laying and counted chicks one week prior to the estimated
fledge date of the oldest chicks. Following Kildaw et al. (2005a), we
defined productivity as the number of fledglings divided by the total num-
ber of nests, with nests defined as any patty of nest material with a diam-
eter P10 cm on the colony cliff-face, regardless of adult presence. We
conducted counts from small, motorized skiffs (<250) at distances of
approximately 50–150 m using binoculars, spotting scopes and tally coun-
ters. See Buck et al. (2007) for a full description of the methods, statistical
analyses and results of kittiwake productivity during this study.

2.3. Kittiwake sampling procedures

We monitored the nesting activities of breeding kittiwakes (2002, n

= 947 nests; 2003, n = 813 nests; 2004, n = 699 nests; 2005, n = 679 nests)
on a 4–5 day cycle from nest building through chick rearing to determine
when eggs were laid, when chicks hatched and to ensure that only intact
broods were sampled (i.e., predated or brood-reduced two-chick broods
were not sampled as single-chick broods). Differences in the number of
nests monitored each year were primarily driven by differences in kittiwake
productivity among years. When chicks reached 12–15 days post-hatch,
we accessed three colonies using ladders or climbing ropes and sampled
the chicks for blood. Due to variation in the productivity of the individual



Fig. 1. Locations (d) of 21 black-legged kittiwake breeding colonies within the Chiniak Bay study area on Kodiak Island in the western Gulf of Alaska
(57�400N, 152�200W). Kittiwake chicks from the numbered colonies were sampled for blood. 1 = Gibson Cove, 2 = Gull Island, 3 = Mary Island.
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colonies, the colonies from which we sampled chicks differed among years.
In 2002 and 2003, we sampled chicks from nests on Gull Island (2002,
n = 6 nests; 2003, n = 9 nests) and Mary Island (2002, n = 9 nests; 2003,
n = 3 nests). In 2004, Gibson Cove was the only colony with sufficient pro-
ductivity to furnish a sample (n = 22 nests). In 2005, we sampled chicks
from Gull Island (n = 21 nests), Mary Island (n = 19 nests) and Gibson
Cove (n = 22 nests).

We sampled chicks for blood using a capture and handling protocol
shown to elicit an adrenocortical response in wild birds (Wingfield et al.,
1992). Briefly, we removed chicks from their nest and collected an initial
blood sample within 3 min to obtain a sample reflective of their baseline
corticosterone levels (Romero and Reed, 2005). We retained the chicks
out of the nest and subsequently sampled at 10, 30 and 50 min post-cap-
ture to assess the full range of their adrenocortical response to the acute
stress of capture and handling (Wingfield et al., 1992). For two-chick
broods, we sampled both chicks within 3 min of removing the first chick
from the nest and collected the subsequent three samples simultaneously.
We obtained blood samples by tamping the alar vein, puncturing the alar
vein with a 26-gauge needle and drawing approximately 50 ll of blood
into heparinized capillary tubes. After initial collection, we immediately
transferred the samples into 1.5 ml polyethylene ‘snap-cap’ vials and
placed them on ice for transport to the laboratory. Between sample collec-
tions, we held the chicks in shaded, opaque cloth bags. Prior to returning
chicks to their respective nests, we recorded their body mass and wing
chord length to assess relative body condition.

2.4. Laboratory methods

Within hours of collection, we centrifuged each blood sample, drew off
the plasma portion using a long-stemmed Pasteur pipette and stored it fro-
zen at �50 �C until assayed. We measured total plasma concentrations of
baseline and stress-induced corticosterone using direct radioimmunoassay
as described by Wingfield et al. (1992). In summary, corticosterone was
extracted from plasma samples (10–25 ll) with re-distilled dichlorometh-
ane. After evaporation under nitrogen in a water bath, samples were
reconstituted in phosphate-buffered saline with gelatin and divided into
duplicate 200 ll aliquots for radioimmunoassay and a single 100 ll aliquot
to determine recoveries (mean recovery of 2000 cpm tritiated corticoste-
rone added during initial sample measurement was 86%). Tritiated corti-
costerone and antiserum (Esoterix, Inc., Austin, TX) were allowed to
equilibrate with the samples overnight. Dextran-coated charcoal was then
added 12 min prior to centrifugation to absorb unbound labeled cortico-
sterone. Supernatants were decanted into scintillation vials and filled with
Ultima Gold (PerkinElmer, Waltham, MA) scintillation cocktail for
counting. Assays were run at the end of each season. In 2002, all samples
were run in a single assay. Two assays were required for the 2003 samples
and five assays each were required for the 2004 and 2005 samples. Our
inter- and intra-assay coefficients of variation were 15% and 8%,
respectively.
2.5. Statistical analyses

Following Buck et al. (2007), we assessed interannual variability of kit-
tiwake productivity of the three sampled colonies using a two-way analysis
of variance (ANOVA) with colony-nested-within-year as a blocking factor
to account for potential inter-colony variability. We used linear regression
to assess the relationship between bay-wide productivity of Chiniak Bay
and productivity of the colonies wherein chicks were sampled for blood.
For the analyses of chick mass and circulating corticosterone concentra-
tions, we considered individual nests as independent sample units. That
is, for two-chick broods, we used the mean mass and corticosterone levels
of junior and senior chicks as single values. To assess interannual variabil-
ity of chick mass, we used a multi-factor ANCOVA with brood size and
colony-nested-within-year as blocking factors, and wing chord length as
a covariate to account for the range in ages of the chicks (12–15 days).
To test for interannual variability of baseline corticosterone levels, we used
a multi-factor ANOVA with brood size and colony-nested-within-year as
blocking factors. We used the same model to assess interannual variability
of the stress-induced corticosterone levels, but added post-capture sam-
pling time as a repeated measure. We used the Tukey–Kramer method
for all post hoc pairwise multiple comparisons. Productivity and cortico-
sterone data were arcsine square root and natural-log transformed, respec-
tively, to meet the assumptions of parametric models. We used SAS (2003)
for all analyses and considered results with P-values < 0.05 to be statisti-
cally significant. We originally included all two-way interaction terms in
the analyses but excluded them from the final models due to non-signifi-
cance. Data are presented as means ± SE. All methods herein were



Fig. 3. Mean body mass (g ± SE) of 12–15 day-old black-legged kittiwake
chicks in Chiniak Bay, Alaska in 2002–2005 (2002 n = 15; 2003 n = 12;
2004 n = 22; 2005 n = 62). Different letters above the bars indicate means
of mass that are significantly different (P < 0.05).
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approved by the University of Alaska Fairbanks Institutional Animal
Care and Use Committee (IACUC # 05–43) and authorized under state
and federal permits.

3. Results

3.1. Productivity

Chiniak Bay-wide kittiwake productivity values for
2002–2005 are reported in Buck et al. (2007). In summary,
mean productivity of kittiwakes progressively declined dur-
ing the four years of the study. Productivity was highest in
2002 (0.46 ± 0.29 fledglings * nest attempt�1) then
decreased significantly in 2003 (0.25 ± 0.23 chicks * nest
attempt�1) and again in 2004 (0.01 ± 0.02 fledglings * nest
attempt�1) before improving slightly, but not significantly,
in 2005 (0.05 ± 0.09 fledglings * nest attempt�1; Fig. 2).
The mean productivity of the Gull Island, Mary Island
and Gibson Cove colonies positively correlated with
bay-wide productivity (P < 0.001, R2 = 0.90). In these
three colonies, mean productivity also differed significantly
among years (F3,13 = 22.19, P < 0.001). Productivity was
highest in 2002 (0.89 ± 0.08 fledglings * nest attempt�1)
then declined slightly, but not significantly, in 2003
(0.73 ± 0.15 fledglings * nest attempt�1), declined signifi-
cantly in 2004 (0.09 ± 0.05 fledglings * nest attempt�1)
and then recovered slightly but not significantly in 2005
(0.16 ± 0.09 fledglings * nest attempt�1).

3.2. Chick mass and corticosterone concentrations

The overall effect of year on body mass of chicks was
significant (F3,90 = 2.93, P = 0.038). However, this result
is driven solely by a difference in body mass of chicks in
2004 and 2005 (2004: 240.49 ± 9.04 g; 2005:
204.31 ± 6.18 g; P = 0.041; Fig. 3). All other differences
in body mass by year were not significant (P > 0.05).
Fig. 2. Productivity (fledglings * nest attempt�1) of black-legged kittiwakes
at 21 colonies in Chiniak Bay, Alaska in 2002–2005. Different letters above
the bars indicate mean productivity values that are significantly different
(P < 0.05). Modified from Buck et al. (2007).
The overall effect of year on baseline levels of corticoste-
rone of kittiwake chicks was statistically significant
(F3,102 = 4.29, P = 0.007). Levels of corticosterone were
lowest in 2002 (3.91 ± 0.71 ng * ml�1) and 2003
(3.75 ± 0.35 ng * ml�1) and increased incrementally
in 2004 (6.90 ± 1.28 ng * ml�1) and 2005 (12.03 ± 1.80 ng
* ml�1). However, comparisons of individual years showed
differences between years were only significant between
2002 and 2005 (P = 0.003), and between 2003 and 2005
(P = 0.022). All other years were statistically indistinguish-
able (2002 vs. 2003: P = 0.902; 2002 vs. 2004: P = 0.127;
2003 vs. 2004: P = 0.238; 2004 vs. 2005: P = 0.153; Fig. 4).
There was a highly significant overall year effect on the mean
stress-induced corticosterone levels of chicks (F3,103 = 16.60,
P < 0.001; Fig. 5). Stress-induced corticosterone levels were
statistically indistinguishable in 2002 and 2003 (P = 0.698),
but increased significantly in 2004 (2002 vs. 2004:
Fig. 4. Mean baseline levels of corticosterone (ng * ml�1 ± SE) of 12–15
day-old kittiwake chicks in Chiniak Bay, Alaska in 2002–2005 (2002
n = 15; 2003 n = 12; 2004 n = 22; 2005 n = 62). Different letters above the
bars indicate mean values that are significantly different (P < 0.05).



Fig. 5. Mean stress-induced corticosterone levels (ng * ml�1 ± SE) of 12–
15 day-old kittiwake chicks in Chiniak Bay, Alaska in 2002 (d; n = 15),
2003 (s; n = 12), 2004 (.; n = 22) and 2005 (D; n = 62). Repeated
measures ANOVA indicate values in 2004 and 2005 are significantly
higher than those of 2002 and 2003.
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P < 0.001; 2003 vs. 2004: P = 0.002) and remained high in
2005 (2002 vs. 2005: P < 0.001; 2003 vs. 2005: P < 0.001).
Stress-induced levels did not differ significantly between
2004 and 2005 (P = 0.189).

The colony-nested-within-year factor was significant in
both the baseline and stress-induced corticosterone level
models (baseline: F4,102 = 5.47, P < 0.001; stress-induced:
F4,103 = 5.75, P < 0.001). Analysis of levels of corticoste-
rone by year indicated this effect was driven by variation
among colonies in 2005, wherein kittiwake chicks at Gull
Island exhibited higher baseline and stress-induced cortico-
sterone concentrations than of those at Gibson Cove and
Mary Island (2005 baseline: F2,58 = 8.12, P < 0.001, GU
vs. GC: P = 0.003, GU vs. MA: P = 0.003; 2005 stress-
induced: F2,59 = 13.96, P < 0.001, GU vs. GC: P < 0.001,
GU vs. MA: P < 0.001). Analyses of all data across
2002–2005, but with that of Gull Island 2005 excluded,
indicated no significant year effect on the levels of baseline
corticosterone of chicks in Chiniak Bay (F3,82 = 1.43,
P < 0.240), but did not change the trend seen above for
stress-induced levels of corticosterone (F3,83 = 10.25,
P < 0.001). Brood size had no significant effect in either
the baseline model or stress-induced models (baseline:
F1,102 = 1.40, P = 0.239; stress-induced: F1,103 = 0.11,
P = 0.742).
4. Discussion

We assessed interannual colony productivity of black-
legged kittiwakes and the baseline and stress-induced corti-
costerone levels of their chicks over four successive breed-
ing seasons (2002–2005) in Chiniak Bay, Kodiak Island,
Alaska. Kittiwake productivity declined moderately from
the first to the second year and then dramatically in the
third and fourth years. Baseline corticosterone levels of
chicks increased in the latter two years but differences
among years were only statistically significant in the final
year compared to the first two. Stress-induced corticoste-
rone levels of the chicks were similar in the first two years,
then increased significantly in the third year and remained
elevated in the fourth. Our results suggest that the stress-
induced corticosterone levels of kittiwake chicks are effec-
tive indicators of colony productivity in poor years,
whereas changes in baseline corticosterone levels across
years are less pronounced and therefore may not be as
reliable.

The mean productivity levels of the individual colonies
sampled for chicks across years were higher than the collec-
tive productivity values of the Chiniak Bay population as a
whole. This was unavoidable, as logistics, accessibility and
our efforts to obtain robust sample sizes dictated the colo-
nies from which we could sample chicks. Nonetheless, pro-
ductivity values of the three sampled colonies were highly
and positively correlated with the overall bay-wide produc-
tivity values across years (R2 = 0.90). Thus, despite sam-
pling from just three relatively localized colonies, we feel
the trends evident in our data are indicative of Chiniak
Bay as a whole.

The significantly elevated stress-induced levels of corti-
costerone observed in chicks during the low productivity
years of this study (2004–2005) suggest they were exposed
to stressful conditions for some period of their lives prior
to being sampled (Caggiula et al., 1989; Kitaysky et al.,
1999a; O’Connor et al., 2004). We speculate that poor for-
aging conditions experienced by adults were responsible for
the decline in productivity and, for adults that did not
abandon their reproductive attempts, translated to
increased stress-induced corticosterone levels in their
chicks.

Marine conditions in late 2002 through 2005 were char-
acterized by warmer than average sea-surface temperatures
(SST) due to persistent El Niño conditions in the Pacific
(Rodionov et al., 2004; NOAA, 2006). Warmer sea-surface
temperatures are thought to negatively affect the abun-
dance of forage fishes and other kittiwake prey through
both bottom-up and top-down processes (Mackas et al.,
1998; Anderson and Piatt, 1999; Mueter and Norcross,
2000). Historically, warm sea-surface temperature episodes
have coincided with pronounced decreases in kittiwake
abundances in the Gulf of Alaska. The strong El Niño
event of 1982–1983 resulted in widespread mortality of
adult kittiwakes off the Alaskan coast, apparently due to
starvation (Hatch, 1987). Furthermore, Kildaw et al.
(2005b) noted that in Chiniak Bay the severe El Niño
events of 1982–1983 and 1997–1998 were characterized
by two years of reproductive failure beginning in the sec-
ond year of each event. Productivity of kittiwakes in Chi-
niak Bay during the final two years of this study are
among the lowest documented for Chiniak Bay since
records were kept in the 1970s (Kildaw et al., 2005a).
The near reproductive failure of kittiwakes in these years
matches similarly low productivity values in Chiniak Bay
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following the El Niño events of the 80s and 90s (Kildaw
et al., 2005a) and lends further weight to our contention
that prey availability and/or prey quality was reduced dur-
ing the final years of this study.

The precipitous decline in kittiwake productivity in
2004–2005 coupled with the lack of a robust trend in body
mass or significant increase in baseline corticosterone val-
ues of kittiwake chicks in 2004 supports the generally held
maxim that as foraging conditions deteriorate, brood rear-
ing seabirds are able to buffer their chicks from reduced
prey abundance (e.g., Burger and Piatt, 1990; Kitaysky
et al., 2000; Litzow and Piatt, 2003). However, elevated
baseline corticosterone values of kittiwake chicks at Gull
Island in 2005 suggest that not all parents may be willing
or able to fully compensate for declines in foraging condi-
tions during poor productivity years. Brood rearing in gen-
eral is energetically demanding (Golet and Irons, 1999;
Golet et al., 2000) and even more so during times of low
forage availability (Kitaysky et al., 1999b; Buck et al.,
2007). The variation in baseline levels of corticosterone of
chicks in Chiniak Bay may be attributed to heterogeneity
of parental quality among individual parents in their ability
to compensate for deteriorating foraging conditions (Coul-
son and Porter, 1985; Cam and Monnat, 2000). Alterna-
tively, the elevated levels of corticosterone exhibited by
chicks on Gull Island in 2005 may have been due to a stres-
sor or stressors specific to that colony of which we are una-
ware. However, all three colonies are within close
proximity thus are exposed to the same environmental con-
ditions; additionally, we have no anecdotal or empirical
evidence of predation pressure being any more pronounced
at Gull Island than at the other two colonies, and the pres-
ence of ectoparasites on chicks at Gull Island was no more
prominent than at Gibson Cove or Mary Island. In fact,
the presence of ectoparasites on kittiwake chicks in general
is relatively rare in Chiniak Bay compared to elsewhere in
the Gulf of Alaska (S.D. Kildaw, personal observation).
Lastly, investigator disturbance was determined to have
no significant effect on the total levels of corticosterone
of chicks at any of the colonies during this period (Brewer,
2007).

The means by which adult kittiwakes compensate for
low prey abundance may provide an explanation for the
lack of a robust trend in levels of baseline corticosterone
but consistently elevated acute stress-induced corticoste-
rone levels of the chicks in 2004 and 2005. Foraging kit-
tiwakes have essentially two options for responding to
reduced forage availability: intensify effort in their current
foraging area or expand their foraging range (Kitaysky
et al., 2000; Suryan et al., 2000). Both methods result in
increased duration of foraging trips and, consequently,
reduced meal delivery rates for their chicks (Wanless and
Harris, 1992; Suryan et al., 2000). Theoretically, reduced
meal frequency can be compensated for through increases
in the amount of prey delivered (Wanless and Harris,
1992). However, Suryan et al. (2002) reported that feeding
frequency of kittiwakes in Prince William Sound, Alaska
appeared to be more important to rates of chick growth
and survival than gross daily energy intake in the first
two weeks of chick development. This could be due to
the ontogeny of development of their digestive system.
Studies on passerines (Caviedes-Vidal and Karasov, 2001)
and domestic birds (Obst and Diamond, 1992) have shown
that the digestive efficiency of young chicks is significantly
lower than that of older chicks due to the ontogeny of the
digestive tract. Moreover, Suryan et al. (2002) and Roby
et al. (2000) found that the growth of kittiwake chicks is
most limited by digestive inefficiency when feeding rates
are reduced.

It is conceivable, then, that in 2004–2005, most parent
kittiwakes in Chiniak Bay were able to compensate for
reduced foraging conditions well enough for 12–15 day-
old chicks to maintain body mass and baseline corticoste-
rone values approaching those of chicks in 2002–2003,
but that meal delivery rates for early post-natal chicks were
not frequent enough to prevent nutritional stress. Kitti-
wake chicks are thought to be able to recover from nutri-
tional deficits in a relatively short timeframe. Kitaysky
et al. (2006) reported that elevated baseline corticosterone
levels of captive red-legged kittiwake chicks (Rissa breviros-

tris) normalized within a week of ending dietary restric-
tions. Thus, in the current study, the baseline
corticosterone levels of energy-limited young chicks may
have begun to normalize as the chicks gained the ability
to assimilate larger portions of prey. This supposition is
bolstered, albeit circumstantially, by baseline corticoste-
rone values of 5–8 day-old kittiwake chicks collected for
a separate study in Chiniak Bay in 2004 (Brewer et al.,
unpublished data). Chicks in the 5–8 day age group exhib-
ited significantly higher baseline corticosterone levels than
those of 12–15 day-old chicks (5–8 day mean:
13.72 ± 2.29 ng * ml�1; 12–15 day mean: 6.90 ± 1.28 ng *

ml�1; F1,12 = 8.94, P = 0.0113).
An alternative explanation for the disparity between base-

line and stress-induced corticosterone levels is that foraging
conditions improved prior to sampling in 2004 and 2005,
allowing chicks to gain mass and down-modulate their base-
line corticosterone levels. Other studies have noted marked
effects of intra-seasonal fluctuations in prey abundance on
the growth rates and survival of kittiwake chicks (e.g., Reg-
ehr and Montevecchi, 1997; Suryan et al., 2002). However,
we feel this did not affect the results of this study because
chick sampling was distributed over a month-long period
within each season, thereby integrating any potential effects
of variation in prey abundance within the samples.

In conclusion, despite the apparent ability of most
brood rearing adults to compensate for a likely decrease
in prey abundance, the poor colony-wide productivity of
kittiwakes in Chiniak Bay in 2004–2005 was reflected in
increased magnitude and duration of stress-induced corti-
costerone levels of their chicks. The results of this study
are of added significance in light of recent studies by Kitay-
sky et al. (2003, 2006) regarding the potential long-term
population consequences of food-restricted chicks. The
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authors found that although physically chicks recover
quickly from dietary restrictions, even moderate elevations
in corticosterone levels are detrimental to their cognitive
development and adversely affect their ability to locate
food resources as adults. They concluded that the impaired
cognitive abilities of such birds are a possible mechanistic
link between climate variability and seabird population
declines (Kitaysky et al., 2006). While recent studies indi-
cate that many adult seabirds attempt to buffer their young
from declining forage abundance (e.g., Burger and Piatt,
1990; Zador and Piatt, 1999; Kitaysky et al., 2000; Litzow
and Piatt, 2003), our results suggest that chicks may still
experience detrimental physiological effects if the adults
are not able to maintain frequent enough meal delivery
rates of adequate nutritional quality during their early
developmental stages.

Further studies integrating the measurement of prey
quality and quantity, provisioning rates, growth rates and
circulating corticosterone throughout the first two weeks
of the development of kittiwake chicks are needed to inves-
tigate the causal mechanism underpinning the negative
relationship observed between kittiwake productivity and
the corticosterone levels of the chicks in this study.
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