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INTRODUCTION

Predicting the effects of changing climate on popu-
lations of marine top predators is a major challenge
in ecology. Despite substantial work linking seabird
demography to climate variability (Jenouvrier et al.
2005, Frederiksen et al. 2007, Sandvik & Erikstad
2008, Wolf et al. 2009, Oro et al. 2010, Barbraud et al.
2011), we are still very limited in our ability to make
generalizations. Seabird responses vary on a loca-
tion-specific basis (i.e. Gaston et al. 2005, Irons et al.

2008, Shultz et al. 2009), which may reflect different
tradeoffs between survival and reproduction being
favored in different locations (Coulson 2002). How-
ever, characterizing the regional variability of demo-
graphic responses to changing environments is
 difficult because of the intensive, long-term study
typically needed to characterize demography and, in
particular, adult survival.

The most comprehensive and conclusive studies of
seabird demography at the colony level must involve
long-term collection of information on both fecundity
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and survival of individuals. However, such study is lo-
gistically feasible at only a small number of colonies.
In addition, the representativeness of small-scale
studies for assessing the regional effects of climate on
a seabird population is unclear. Long-term informa-
tion on survival is lacking for many regions of great
economic or ecological importance, and limited re-
sources make it unlikely that intensive, long-term
studies will be initiated. The dual requirements for in-
tensive, long-term study (generally requiring focusing
on 1 or a few sites) to estimate demographic rates and
for integrating information on the localized responses
of multiple colonies spread out over space thus present
a major challenge to overcome (Brown et al. 2011),
and an alternate approach that does not require such
intensive demographic study may be needed to de-
velop an understanding at the regional scale.

Physiological measurements, and in particular stress
hormones with known correlations with food supply
and survival (e.g. Romero & Wikelski 2001, Brown
et al. 2005, Blas et al. 2007, Kitaysky et al. 2010, Sat-
terthwaite et al. 2010), provide a practical alternative
for assessing likely population dynamics in  data-
limited systems. Using black-legged kittiwakes Rissa
tridactyla in the North Pacific as a model system, we
examined the relationship between climate varia -
bility and demographic performance by leveraging
recent advances in measuring seabird nutritional
stress (as reflected in secretion of corticosterone,
hereafter CORT) and its relation to demographic
rates (Kitaysky et al. 2010, Satterthwaite et al. 2010).

Major climate changes have been observed in the
northern Pacific over the last few decades (Springer
1998, Anderson & Piatt 1999, Hunt et al. 2002, 2008).
Coincident with these changes, piscivorous seabirds
declined in the continental shelf areas of the central
and southeastern Bering Sea (Springer 1998, Hunt &
Byrd 1999, Hunt et al. 2002, Byrd et al. 2008a). On the
other hand, several colonies in the Aleutian Archi-
pelago increased in size (e.g. Renner & Williams
2005), suggesting that climate variability might have
differential effects on birds breeding in different re -
gions of the North Pacific. This set of colonies allows
the examination of relationships between environ-
mental changes and population processes (reproduc-
tion and survival) to understand how seabird pop -
ulations respond to climate change. Survival has not
been directly measured in most of these colonies
(except Cook Inlet in the late 1990s; Piatt 2004), but
long-term measures of nutritional stress are available
(Kitaysky et al. 2010, their appendix), and a link be -
tween corticosterone and mortality has been estab-
lished (Kitaysky et al. 2010, Satterthwaite et al. 2010).

In the present paper, we tested the hypothesis that
major climatic indices and local measures of  sea-
surface temperature (SST) can predict productivity
and CORT levels (and thus inferred food stress and
adult mortality risk) for multiple black-legged kitti-
wake colonies in the Gulf of Alaska (GOA), Aleutian
Archipelago, and southeastern Bering Sea regions.
Seabird reproductive performance, survival, and
CORT levels have previously been linked to local
variation in food availability and SST (Kitaysky et
al. 2007, 2010, Shultz et al. 2009), but our study
addressed these links on a larger geographic scale
(i.e. Aleutians and Bering Sea) and incorporated
large-scale climatic indices in addition to local
 variation in SST. In the northern Pacific, broad-scale
indices of climate such as the Pacific Decadal Oscilla-
tion (Mantua et al. 1997) and the extent of winter ice
cover in the Bering Sea (Overland & Stabeno 2004)
encompass ocean−atmospheric patterns of short-term
(interannual) and long-term (decadal) climate vari-
ability. These indices provide a measure of whether
years are relatively warm or cold, and are strong pre-
dictors of ecological processes (Hare & Mantua 2000,
Hunt et al. 2002, Mueter & Litzow 2008). Knape &
de Valpine (2011) suggested that local rather than
regional climate measures could provide better pre-
dictions, and Shultz et al. (2009) linked highly local-
ized measures of SST to lay dates and resultant
reproductive success in Cook Inlet; thus, we explored
the predictive power of local SST as well.

To explore the potential for location-dependence
of climate effects, we investigated whether linkages
between environmental indices and bird perfor-
mance are similar across regions. Location-specific
responses to climate (e.g. Gaston et al. 2005, Fred-
eriksen et al. 2007) have the potential to complicate
predicting effects of climate change (Brown et al.
2011), so we explored relationships between the
environment and demographic performance for mul-
tiple colonies separated by as much as 2000 km.

We also assessed the relative impacts of predicted
changes in productivity and stress in the different
colonies by building demographic models based on
measured productivity and inferred (from CORT) sur-
vival in the different colonies to project colony perfor-
mance in the future. As with other demographic mod-
els, we emphasized relative over absolute predictions
(Beissinger & Westphal 1998, Brook et al. 2000). Uni-
fying productivity and survival measurements into a
single demographic model provides important insight
into the importance of observed variation in fecundity
and stress for population performance. Although the
sensitivity of the population growth rate to adult sur-
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vival is well appreciated for long-lived species (Morris
et al. 2008), it is known that the demographic parame-
ters with the highest sensitivities are often the least
variable (Pfister 1998). In long-lived seabirds, ‘prudent
parent’ behavior (Cam et al. 1998) may result in little
observed variation in adult survival. Since the impacts
of changing vital rates on demography depend on
their sensitivity and magnitude of variation (Wisdom
et al. 2000), the realized importance of variation in
productivity may be higher than expected.

Thus, our study provides a unified framework for
assessing the impacts of local and regional environ-
mental variability on both predicted survival and
reproduction in multiple seabird colonies. By analyz-
ing multiple colonies, we could assess the generality
of relationships identified in specific locations. By
incorporating estimates of reproduction and survival
into a unified demographic model, we were able to
assess the likely effects of observed variation on
colony performance and long-term viability. This
allows inferences to be made about the projected
performance of each colony, and the likely response
of colonies in each region to projected climate change.

MATERIALS AND METHODS

Study system

Black-legged kittiwakes Rissa tridactyla are long-
lived (Hatch et al. 1993, Golet et al. 1998, Piatt 2004)
and generally lay 2 eggs clutch−1. Data were col-
lected on population sizes, productivity, and stress
hormone levels for black-legged kittiwakes breeding
in 6 colonies in the North Pacific region (Fig. 1). Duck
Island and Gull Island are located in Cook Inlet in the
GOA, ~100 km apart, with Duck Island surrounded
by warm estuarine waters, and Gull Island by cooler
oceanic water (Piatt et al. 2002, Kitaysky et al. 2010).
Saint Paul and Saint George (Pribilof Islands) are
located in the Bering Sea; the distance between the
islands is ~60 km, with St. George near (25 km) the
edge of the Bering Sea shelf (Byrd et al. 2008a).
Bogoslof Island is in the central Aleutians, and Buldir
Island is in the western Aleutians; both are sur-
rounded by deep ocean water (Shultz & Kitaysky
2008).

Environmental metrics

We used environmental metrics describing SST and
the extent of winter sea ice cover to predict variation

in seabird productivity and stress. Data were obtained
from the National Oceanic and Atmospheric Adminis-
tration (NOAA; detailed descriptions of the parame-
ters can be found at www.beringclimate.noaa.gov/).
For a basin-scale summary of SSTs, we obtained sum-
mer Pacific Decadal Oscillation values (PDOs, which
integrate SSTs in the North Pacific in June, July and
August; Mantua et al. 1997) from www.beringcli-
mate.noaa.gov/. We obtained Ice Cover Index values
(ICI, which represent the ice concentration from Janu-
ary 1 to May 31 over the area between 56°N, 163°W
and 58°N,165°W; Overland & Stabeno 2004) from the
National Snow and Ice Data Center (NSIDC), avail-
able at www.beringclimate.noaa.gov/. We obtained
estimates of SST from the Extended Reconstructed
Sea-Surface Temperature dataset (ERSST 3b; Smith
et al. 2008) at www.ncdc. noaa. gov/ ersst/, using ERSST
for the 2° block including each colony, with data avail-
able through December 2008. Measuring temperature
over 2° of latitude and longitude results in an area of
approximately 200 km on each side, which is similar
to the foraging range of kittiwakes (e.g. 59 km range
and 165 km trip length reported by Kotzerka et al.
[2010], foraging trips from the Pribilofs may be even
longer, Paredes et al. [unpubl. data]). We averaged to-
gether March to May SSTs for a spring estimate rep-
resentative of pre-laying conditions and from June to
August for a summer estimate representative of the
rearing season. We selected each of these indices on
the basis of an a priori mechanistic hypothesis (e.g.
Hunt et al. 2002, 2011). For example, SST during the
breeding season provides a measure of current envi-
ronmental conditions (e.g. stratification of the water
column during the summer, which might affect verti-
cal fish distribution), on either a local (SST) or regional
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Fig. 1. Study region. This map was generated using a rect -
angular projection, grid lines equal 1° of latitude or longi-
tude. Each degree of latitude corresponds to ~111 km, while
each degree of longitude corresponds to ~71 km at the
southern border of the map or 52 km at the northern border



(PDOs) scale. The extent of winter sea ice cover is
 related to the  formation of a cold pool and associated
effects on biogeography and the transition between
arctic and subarctic community characteristics (Mueter
&  Litzow 2008). The Oscillating Control Hypothesis
(Hunt et al. 2002, 2011) proposes that the timing of
phytoplankton production is affected by the timing
of ice retreat, and the timing of bloom affects
 phytoplankton availability to zooplankton and thus
food availability for fish and competition between
seabirds and other piscivores.

Productivity and count data

We estimated productivity and relative population
size based on counts made in reference plots
reported in United States Fish and Wildlife Service
(USFWS) refuge reports and other data sources
(McClintock et al. 2010 for Saint Paul; Shannon et al.
2010 for Saint George [productivity data were col-
lected as described in Kitaysky et al. 2010 for Duck
and Gull Island, with counts for both islands and
 productivity for Gull Island from Piatt et al. 2002];
Renner & Williams 2005 for Bogoslof [with an update
for 2008 productivity from J. Williams pers. comm.];
Freeman et al. 2010 for Buldir). We standardized
these reference counts (but not productivity values)
relative to the maximum reference count observed
for each colony. For all colonies except Bogoslof, the
productivity index used was chicks fledged per nest.
For Bogoslof, the productivity index was calculated
from the number of chicks per nest late in the rearing
season, but before actual fledging. This may slightly
overestimate how many chicks actually fledged. For
the Pribilof islands, we excluded data from before
1984 due to changes in sampling methods, a break in
the data, and a lack of ICI data for the earliest years.

Measures of stress

We collected measurements of baseline CORT
from a variable number of birds in each colony each
year (Table S1 in Supplement 1 at www.int-res. com/
articles/suppl/m454p221_supp.pdf; not every colony
was sampled every year). Collection and measure-
ment of CORT in all colonies followed the same pro-
cedures as previously reported by Kitaysky et al.
(2010). We used baseline CORT since it reflects cur-
rent food availability (Kitaysky et al. 2010) and is a
predictor of apparent survival of kittiwakes (Satterth-
waite et al. 2010).

Statistical analyses

We examined the relationship between each envi-
ronmental index and mean productivity and mean
CORT at each location for each year. We used infor-
mation theoretic techniques to distinguish whether it
was better supported statistically to estimate para-
meters for all colonies independently or to estimate
shared parameters for colonies within one or more
re gions (see ‘Colony-scale versus regional re -
sponses’). When analyzing time series data, temporal
auto correlation leads to non-independence of sam-
ples (Pyper & Peterman 1998, Brown et al. 2011).
Thus, we performed generalized least squares mod-
els (GLS; Pinheiro & Bates 2000) assuming autore-
gressive order 1 errors within each location, imple-
mented via the ‘nlme’ package in R (R Development
Core Team 2009, Pinheiro et al. 2010). We modeled
each performance metric (productivity and CORT) as
a function of location, environmental metric, and
their interaction. We used Akaike’s information crite-
rion (AIC; Burnham & Anderson 2002) to compare
model formulations where location was the set of
individual colonies or to compare various combi -
nations where colonies within regions were com-
bined. To summarize patterns of common or diver-
gent responses, we also calculated correlations
among islands in productivity and CORT, using the
techniques of Pyper & Peterman (1998) to account for
autocorrelation when assessing significance.

We transformed all environmental metrics to z-
scores (so they had a mean of 0 and a SD of 1) to
directly compare the sensitivity of performance met-
rics (productivity, stress) to the observed range of
variation in each environmental measure. To obtain
normally distributed error values, we performed the
empirical logit transform (Warton & Hui 2011) on pro-
ductivity and log-transformed CORT. Because the
performance metrics are measured on different
scales with different transformations, their sensitivi-
ties cannot be directly compared.

We explored the extent to which CORT can predict
productivity by running a GLS model with logit pro-
ductivity as the response variable and location, log
CORT, and their interaction as independent vari-
ables, defining locations as in the best model for pro-
ductivity as identified above.

Estimating adult survival from stress data

We estimated overall survival for colonies or years
as the means of the survival predicted for each indi -
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vidual sampled in that colony or year using the model
of Satterthwaite et al. (2010). This is an empirically
derived relationship between CORT and mortality
based on long-term resighting data of birds first
marked and sampled for CORT in 1996 to 1999 on
Duck and Gull Islands in Cook Inlet, GOA. Specifi-
cally, the estimated probability of mortality over the
next year for a bird with a baseline CORT measure-
ment of x (ng ml−1) is:

Demographic model

We generated estimates of expected lifetime repro-
ductive success for each colony under mean condi-
tions as follows. We estimated reproductive lifespan
as the inverse of adult mortality rate (Bókony et al.
2009), yielding the expected number of reproduc-
tive events in an individual’s lifetime. We estimated
annual mortality based on the expected value corre-
sponding to the mean of annual mean CORT mea-
sures in each colony. Since our estimates of survival
varied across years, we explored the range of life -
spans implied by the lowest and highest annual sur-
vival estimates. To calculate expected lifetime repro-
ductive output (chicks fledged), we multiplied this
expected number of reproductive events by mean
productivity. To yield an estimate of the population
growth rate, we multiplied expected lifetime repro-
ductive output by 0.5 times the expected survival
from a fledged chick to first reproduction (to account
for only females laying eggs), inferred from the liter-
ature as 0.57 (Suryan et al. 2000). If the resulting
value (R0) is <1, we predict populations will decline if
conditions remain similar through time, R0 = 1 implies
stability and R0 > 1 implies population growth. This is
equivalent to a lifetable analysis defining lx (survival
from newborn [fledging] to age x and mx (fecundity
at age x, in terms of newborn females where new-
born is defined as a fledged chick) estimating R0 as
Σlxmx.

Uncertainty in demographic projections

There are 4 major sources of uncertainty in our
demographic projections. (1) The first source of un -
certainty is whether the relationship between CORT
and survival in the multiple colonies in the present
study is the same as in the Cook Inlet colonies used to
parameterize the survival probability in Satterth-

waite et al. (2010) or whether survival from fledging
to first reproduction is the same as that Suryan et al.
(2000) reported for a colony in Prince William Sound,
GOA, eastern North Pacific. In the absence of long-
term mark-recapture studies in all of the colonies
under consideration, we cannot directly quantify our
uncertainty for how consistent the CORT−survival re -
lationship is across colonies. However, Satterthwaite
et al. (2010) present support for a consistent relative,
if not absolute, effect of CORT on survival at multiple
locations. This was based on the 2 Cook Inlet
colonies, which are separated by ~100 km. We might
expect more variation in the relationship at larger
scales; however, the surrounding oceanography is
quite different for Duck Island (warm estuarine
waters) and Gull Island (colder oceanic waters), and
they differ substantially in productivity (Kitaysky et
al. 2010), so the CORT−survival relationship appears
robust to differences in geography and biology.

(2) The effect of annual variability, which typically
decreases realized long-term demographic perfor-
mance relative to that expected from the mean value
(Morris & Doak 2002). Adequately characterizing the
effects of yearly variability on demographic perfor-
mance requires many years of data on the full life
cycle (Morris & Doak 2002); however, unless the
strength of stochastic effects vary substantially
among colonies, this should not greatly affect compar-
isons of relative performance.

(3) The bias in estimates of survival. We might
over estimate mortality due to negative effects of
blood draw to measure CORT (Brown & Brown
2009). We have only limited data to directly assess
the effects of blood draw; however, in 1998, 114
birds had blood drawn, 15 of which were never
resighted, while 42 birds were banded but had no
blood drawn, 3 of which were never resighted (J. F.
Piatt et al. unpubl. data for the Cook Inlet colonies).
While a higher fraction of birds with blood drawn
were never resighted, this difference is not statisti-
cally significant (χ2 = 1.09, p = 0.30). Thus, we can-
not rule out a small deleterious effect of blood
draw, but do not see strong evidence for it. We
drew a maximum of 1 ml of blood (often less), or
0.25% by mass for a  typical 400 g kittiwake. This is
unlikely to have major effects on survival (Sheldon
et al. 2008). In addition, Satterthwaite et al. (2010)
assumed that most failures to detect a bird that was
still alive reflected skipped reproduction rather
than failing to detect a bird present in the colony.
Mortality was therefore estimated as the probability
of dying before returning to the colony rather than
on a strictly annual basis, which may overestimate
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the annual mortality rate (see Satterthwaite et al.
2010 for fuller discussion of this issue and the ratio-
nale behind the approach chosen).

(4) Limited sample size creates uncertainty about
mean productivity, mean CORT, and the para -
meterization of the CORT−survival relationship. In
Supplement 2 at www.int-res.com/ articles/ suppl/
m454 p221_supp.pdf, we present a calculation of
Bayesian credible intervals on our estimates of R0

that incorporates uncertainty due to sample size.
However, as we cannot directly quantify our other
sources of uncertainty, we emphasize that the
 estimated R0 values are more useful for making
com parisons among colonies than predictions of
abso lute performance. These credible intervals were
cal culated via Markov Chain Monte Carlo sampling
implemented using the MCMCpack lib rary (Martin
et al. 2011) of R (R Development Core Team 2009).

RESULTS

Colony-scale versus regional responses

The relationship between CORT and any environ-
mental metric was best described at the regional
scale for Cook Inlet and Pribilof colonies of Rissa tri-
dactyla, while it was best described for the Buldir and

Bogoslof colonies independently (Table 1a). CORT
was strongly, significantly, and positively correlated
between the 2 Pribilof colonies and the 2 Cook Inlet
colonies. Correlations between more distant colonies
were generally weak or negative (Table 2). Produc-
tivity was best described at the individual-colony
level for Bogoslof, Buldir, Duck, and Gull Islands
 separately, but together for both Pribilof colonies
(Table 1b). Productivities on the Pribilofs (St. Paul
and St. George) were highly and significantly corre-
lated (Table 3). Productivities among other colonies
showed some signs of synchrony, but no other corre-
lations were significant after accounting for auto -
correlation.

Productivity

Using the best-supported location set of Bogoslof,
Buldir, Duck, Gull, and Pribilofs, a GLS model of
logit productivity as a function of PDOs (z-score),
location, and their interaction revealed a significant
effect of location (p < 0.001), but, despite the high
variation in productivity (0 to 0.9; Fig. 2), there
was no significant effect of PDOs or its interaction
with location (p > 0.86). Results were similarly non-
significant for ICI (p > 0.18) and summer SST (p >
0.10) and marginally significant for spring SST (p =
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Location groupings PDOs ICI SST spring SST summer

(a) Log CORT response to environmental metrics
All colonies independently 15.50 11.21 6.91 6.64
Pribilofs + remaining colonies 7.50 5.23 3.31 4.16
Cook Inlet + remaining colonies 7.94 6.64 4.12 3.23
Aleutians + remaining colonies 16.61 15.58 12.06 13.53
Cook Inlet + Pribilofs + remaining colonies 0.00 0.00 0.00 0.00
Cook Inlet + Aleutians + remaining colonies 9.14 10.77 9.16 9.96
Pribilofs + Aleutians + remaining colonies 8.62 9.47 8.50 10.90
Pribilofs + Cook Inlet + Aleutians 1.20 4.14 5.17 6.86

(b) Logit productivity response to environmental metrics
All colonies independently 3.52 3.15 1.33 3.52
Pribilofs + remaining colonies 0.00 0.00 0.00 0.00
Cook Inlet + remaining colonies 20.97 23.37 21.59 20.97
Aleutians + remaining colonies 23.20 26.06 22.60 23.20
Cook Inlet + Pribilofs + remaining colonies 18.22 21.05 20.86 18.22
Cook Inlet + Aleutians + remaining colonies 31.55 34.73 33.51 31.55
Pribilofs + Aleutians + remaining colonies 20.70 24.06 21.95 20.70
Pribilofs + Cook Inlet + Aleutians 29.49 33.26 33.29 29.49

Table 1. Rissa tridactyla. ΔAIC (Akaike’s information criterion) scores for different resolutions of location effects (colony versus
regional groupings) for generalized least squares (GLS) models of performance metrics: (a) log CORT (corticosterone) and
(b) logit productivity) as functions of location, environmental index, and their interactions. The best model for a particular
 response variable has ΔAIC = 0, models with ΔAIC < 2 receive comparable support, and models with ΔAIC > 4 receive 

considerably less support. PDO: Pacific Decadal Oscillation; ICI: ice cover index; SST: sea-surface temperature

http://www.int-res.com/articles/suppl/m454p221_supp.pdf
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0.051 for effect of spring SST, interaction with
 location non-significant at p = 0.80). Examination of
model parameter estimates (Table 4) shows that
productivities were especially high on Bogoslof and
especially low on Buldir, Duck, and (to a lesser
extent) the Pribilofs. Warmer temperatures ap -
peared to increase productivity on Bogoslof and the
Pribilofs, while decreasing it on Buldir and Duck,
although the SEs associated with these estimates
were high, and thus inferences about environmental
effects are uncertain.
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Buldir St. George St. Paul Duck Gull

(a) Correlation
Bogoslof na −0.557 −0.499 0.113 na
Buldir 1.000 na na na na
St. George 1.000 0.954 na na
St. Paul 1.000 0.127 na
Duck 1.000 0.943
Gull 1.000

(b) p-values
Bogoslof na (1) 0.329 (5) 0.254 (7) 0.928 (3) na (2)
Buldir na (2) na (2) na (0) na (0)
St. George 0.029 (6) na (1) na (1)
St. Paul 0.954 (7) na (2)
Duck 0.007 (6)

Table 2. Rissa tridactyla. (a) Correlations and (b) significance
 after correcting for autocorrelation (n values in parentheses) be -
tween annual mean CORT on pairs of colonies. na: too few years
in common to estimate cor relation after accounting for auto-

 correlation; bold: statistically significant correlations

Buldir St. George St. Paul Duck Gull

(a) Correlation
Bogoslof 0.469 0.324 0.414 na na
Buldir 1.000 0.439 0.328 −0.213 0.438
St. George 1.000 0.896 −0.375 0.498
St. Paul 1.000 −0.364 0.564
Duck 1.000 −0.810
Gull 1.000

(b) p-values
Bogoslof 0.178 (11) 0.379 (11) 0.275 (10) na (3) na (3)
Buldir 0.093 (22) 0.216 (21) 0.686 (6) 0.385 (6)
St. George 0.001 (25) 0.464 (6) 0.315 (6)
St. Paul 0.479 (6) 0.244 (6)
Duck 0.131 (6)

Table 3. Rissa tridactyla. (a) Correlations and (b) significance
after correcting for autocorrelation (n values given in parenthe-
ses, along with sample sizes) between annual productivity on
pairs of colonies. na: too few years in common to estimate
 correlation after accounting for autocorrelation; bold: statisti-

cally significant correlations
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Fig. 2. Rissa tridactyla. Environmental conditions (a) as mea-
sured by PDO values (Pacific Decadal Oscillation; summer
sea-surface temperature, more positive is warmer; solid line)
and ICI (ice cover index; extent of winter ice cover, more
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required for each location and season
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Stress

For the best-supported location set
of Cook Inlet, Pribilofs, Buldir, and
Bogoslof, GLS models of CORT as a
function of location, environmental
index, and their interactions re-
vealed significant difference among
locations and significant loca tion-
dependent effects for PDOs (location:
p < 0.0001; PDOs: p = 0.0001; inter-
action: p = 0.0005) and a  location-
dependent effect of ICI (ICI: p = 0.65;
interaction: p = 0.013), but revealed
no significant effect of spring SST
(spring SST: p = 0.18; interaction: p =
0.19) and only a marginally signifi-
cant effect of summer SST (summer
SST: p = 0.28; interaction: p = 0.09).
Stress was highest in Buldir and the
Cook Inlet colonies. In general,
warmer con ditions decreased stress
in the Pribi lofs and increased stress
in Bogoslof and Cook Inlet (Table 5,
Fig. 3). The more frequent occur-
rence of statistically significant rela-
tionships for CORT as opposed to
productivity arose despite larger
sample sizes for productivity.

Relationship between stress and
 productivity

Productivity appeared to decrease with
increasing log CORT (linear regression
R2 = 0.10, p = 0.04; Fig. 4); however,
CORT also varied by colony, making it
unclear whether location or CORT was
driving variation in productivity. Logit
productivity varied significantly among
locations (p = 0.025 in GLS, treating Pri-
bilof colonies as a single region), but the
effects of log CORT (p = 0.18) and its
interaction with location (p = 0.80) were
not significant.

Counts and population trends

Byrd et al. (2008a) analyzed population
trends on the Pribilofs from 1975 to 2005,
finding evidence for stable populations
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Mean ± SE Mean or range 
(logit) (linear)

Bogoslof at mean SST spring 0.933 ± 0.395 0.708
Buldir at mean SST spring −2.140 ± 0.534 0.095
Duck at mean SST spring −2.871 ± 1.540 0.044
Gull at mean SST spring 0.542 ± 1.540 0.622
Pribilofs at mean SST spring −0.730 ± 0.756 0.315

Bogoslof response to SST spring 0.549 ± 1.289 0.585−0.805
Buldir response to SST spring −0.365 ± 1.855 0.135−0.065
Duck response to SST spring −0.612 ± 1.849 0.085−0.020
Gull response to SST spring 0.052 ± 1.849 0.610−0.634
Pribilofs response to SST spring 0.858 ± 1.407 0.160−0.522

Table 4. Rissa tridactyla. Parameter estimates for the GLS model of pro-
ductivity as a function of location, spring sea-surface temperature (SST),
and their interaction. Reported intercept values are the predicted means
±SE (logit scale) of productivity at the mean value of SST spring, while the
 reported slope values are the slope of the relationship between logit pro-
ductivity and z-score-transformed SST spring. The last column gives
colony means (at mean SST spring) back-transformed to the linear scale
for intercept parameters or the back-transformed range predicted when
the environmental index is 1 SD below or above its long-term mean for 

slope parameters

Mean ± SE Mean or range Corresponding 
(log) (linear) mortality

(a) PDOs
Bogoslof at mean PDOs 1.562 ± 0.122 4.77 0.12
Cook at mean PDOs 2.146 ± 0.135 8.55 0.15
Pribilofs at mean PDOs 1.558 ± 0.140 4.75 0.12
Bogoslof response to PDOs 0.254 ± 0.353 3.70−6.14 0.11−0.13
Cook response to PDOs 0.227 ± 0.136 6.82−10.73 0.14−0.18
Pribilofs response to PDOs −0.204 ± 0.1490 5.82−3.87 0.13−0.11

(b) ICI
Bogoslof at mean ICI 1.406 ± 0.196 4.08 0.11
Cook at mean ICI 2.154 ± 0.237 8.62 0.15
Pribilofs at mean ICI 1.637 ± 0.237 5.14 0.12
Bogoslof response to ICI −0.075 ± 0.0850 4.40−3.79 0.11−0.11
Cook response to ICI −0.153 ± 0.1190 10.05−7.400 0.17−0.14
Pribilofs response to ICI 0.124 ± 0.102 4.54−5.82 0.12−0.13

Table 5. Rissa tridactyla. Parameter estimates for the GLS model of cortico -
sterone (CORT) as a function of location, (a) Pacific Decadal Oscillations (PDOs)
or (b) ice cover index (ICI), and their interactions. Reported intercept values are
the predicted means (logit scale) of productivity at the mean value of environ-
mental state, while the reported slope values are the slope of the relationship be-
tween logit productivity and z-score-transformed environmental condition. The
second-to-last column gives colony means (at mean environmental condition) of
CORT back-transformed to the  linear scale for intercept parameters or the back-
transformed range predicted when the environmental index is 1 SD below or
above its long-term mean for slope parameters. The last column gives estimated
mortality probabilities corresponding to those CORT values. Note: Buldir had
data from only 2 yr, both of which were warmer than average, so we do not 

present its estimated parameters
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on St. George and a decrease followed by a slow
increase on St. Paul. Both colonies had slightly
higher numbers in 2008 compared to 2005 (Fig. S1 in
Supplement 1 at www.int-res.com/ articles/ suppl/
m454 p221_ supp. pdf). Although only 3 counts are
available for Bo goslof, numbers appear to have more
than doubled between 2000 and 2005. No recent
counts were available for Duck or Gull Island, but

black-legged kittiwakes have declined
from the mid-1970s through 2000 on
Duck Island, while populations on Gull
Island were stable through the 1990s,
following an earlier increase (Piatt
2004, his Fig. 14.9; see also Fig. S1 in
Supplement 1). Counts on Buldir show
a significant downward trend (log
abundance decreasing by 0.027 yr−1,
linear regression of logged counts, R2 =
0.63, p = 0.001).

Population projections

Table 6 summarizes the estimated
mean annual adult mortality, the corre-
sponding expected number of repro-
ductive bouts, mean productivity, and
resultant calculation of R0, along with
95% credible intervals for each colony.
Note that these are colony-specific
means, with means taken over all years
for which data were available; thus,
they do not always match the pre-
dicted value at mean environmental
state for the full time series over which
environmental data are available (cf.
Tables 4 & 5). Estimated survival val-
ues were similar (within 1%), as were
most productivity values, but the pro-
ductivity predicted at mean SST is
higher than the observed mean for the
Pribilofs (0.315 versus 0.206 or 0.237)
despite nearly complete data (Fig. 2b)
due to non-linearity introduced by the
logit transformation. We therefore cal-
culated R0 based on observed means.
Credible intervals on R0 are entirely
>1.0, corresponding to growing popu-
lations, for Bogoslof and Gull Islands.
Credible intervals on R0 are entirely
<1.0, predicting declining populations,
for Buldir, St. George, and Duck Island.
Fig. 5 illustrates the contributions of

varying mortality and varying productivity to the
observed range of variation in R0. Changes in mor -
tality from 11 to 17% are not trivial, corresponding
to the minimum re quired productivity for a stable
population increasing from 0.39 to 0.60 as mortality
increases. However, even the upper range of ob -
served mean mortalities can be compensated for with
productivity well within the observed range of varia-
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for each location and season
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tion, and indeed the 2 colonies with the highest cal-
culated R0 include both the highest (Gull Island) and
lowest (Bogoslof) predicted mortality. In contrast, the
worst performing colonies are characterized by low
productivities, with means at or below 0.2. As Fig. 5
illustrates, a productivity of 0.2 could only be sus-
tained by an annual mortality <6%, while a pro -
ductivity of 0.1 could only be sustained by annual
mortality <3%.

DISCUSSION

Adequately characterizing links between environ-
mental conditions and the performance of organisms
is a challenging task. Thus, it is perhaps not surpris-
ing that even though productivity of Rissa tridactyla
was highly variable, we found weak relations be -
tween productivity and large-scale climate indices or
local SSTs. Multiple factors may have competing
effects that vary in strength across years, the re -
sponse to any given factor may not be linear (Piatt et
al. 2007, Wolf & Mangel 2008), and responses may be
in different directions in different locations. Local
SST did not provide a better predictor of stress than
did regional environmental indices, and only provi-
ded marginally better predictors of productivity. This
may reflect the large foraging range of kittiwakes,
the importance of regional processes in driving local
food availability, and/or complex associations of mul-
tiple fine-scale variables that, if not directly identifia-
ble, can be better captured by regional indices
 (Hallett et al. 2004). More localized measures of SST
may provide increased predictive power (Shultz et al.
2009).

Nevertheless, patterns emerged from our analysis.
(1) Overall relationships between environmental
conditions and nutritional stress (as reflected in CORT)
were stronger than relationships between environ-
mental conditions and productivity. This is evidenced
by both more significant relationships identified in
GLS models and through correlations between adja-
cent islands in CORT being higher than correlations
in productivity (Table 2 vs. Table 3). This suggests
that large-scale climate variability is associated with
variation in the physiological stress levels kittiwakes
incur during reproduction. The southern colonies

(western Aleutians and Cook Inlet) in -
curred less physiological stress during
cold years (low PDO and high ICI), while
the opposite was observed for the Pri-
bilofs. Be cause CORT secretion is a reli-
able proxy for food in seabirds (Kitaysky
et al. 2010), this suggests climate change
may affect their food resources in oppo-
site ways in different regions of the North
Pacific.

(2) We see that climate variability (and
future climate change) does not affect
all locations equally, based on the lack of
strong relationships between climate
indices and productivity or stress for the
GOA colonies and differential responses
between Aleutian and Pribilof colonies
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Colony Mortality Reproductive Productivity R0 95% CI
(%) events

Bogoslof 11.3 8.98 0.681 1.74 1.01−3.50
Buldir 13.9 7.22 0.155 0.32 0.18−0.65
St. George 12.3 8.11 0.206 0.48 0.24−0.97
St. Paul 12.4 8.03 0.237 0.54 0.28−1.08
Duck 15.9 6.28 0.029 0.05 0.02−0.36
Gull 15.7 6.37 0.625 1.13 1.03−5.30

Table 6. Rissa tridactyla. Demographic parameters and projected perfor-
mance of each colony. Vital rates are annual means calculated for each
colony. Calculations of R0 assume a 1:1 sex ratio and survival from fledging
to first reproduction of 0.57 (see ‘Materials and methods—Demographic
model’); 95% credible intervals (CI) on R0 were calculated as described
in Supplement 2 at www.int-res.com/articles/suppl/m454p221_supp.pdf
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within the Bering Sea. Similar location-specific rela-
tionships between climate and seabird performance
have been observed in other systems (Gaston et
al. 2005, Frederiksen et al. 2007). The differential
response of different regions to climate change com-
plicates the interpretation of which colonies are
doing well and which are doing poorly. For example,
overall Bogoslof hosts a higher performing colony
than the Pribilofs, but in some years the Pribilof
colonies may do better. In 2004 both Pribilof colonies
had a lower mean CORT than Bogoslof, counter to
the usual pattern.

(3) In addition, we often found correlations
between performance metrics on adjacent islands
(stress in the Pribilofs and Cook Inlet colonies were
highly correlated between adjacent islands but not
across regions, as were productivities in the Pri-
bilofs). Correlations were lower among the Aleutian
colonies, but they are much more widely separated
(~1000 km) than those among the colonies at the
Pribilofs (60 km) or Duck and Gull Islands (100 km).
This suggests that large-scale climate variability
affects food resources on a regional basis, but does
not explain variation in productivity of kittiwakes.
Colony-specific drivers are not clear: potential dri-
vers include factors as diverse as predation pres-
sure, the quality or age of breeding individuals and
their ability or willingness to buffer chicks from food
shortages, and small-scale variations in prey com-
munity composition.

Effects of warming

A correlative study such as ours is unable to pin-
point explicit mechanisms, but it does identify the
heterogeneity of the kittiwake responses to environ-
mental variability in the North Pacific regions, and
makes testable predictions on how different colonies
may respond to warming. Warm years for the Bering
Sea (increased PDOs, decreased ICI) are associated
with decreased CORT in the Pribilofs. Decreased
CORT corresponds to less food stress (Kitaysky et al.
2010) and an increased probability of adult survival
(Satterthwaite et al. 2010). For example, estimated
mortality rates (ranging between 11 and 17%) on the
Pribilofs were lowest during warm (high PDO and
low ICI) compared to those during cold (low PDO and
high ICI) years. Therefore, we suggest that, at least
short term, warming could benefit kittiwakes in the
Pribilofs as long as it does not negatively affect pro-
ductivity. Of course, long-term warming may lead to
complicated feedbacks throughout the food web and
potentially to radically different results (Hunt et al.
2002). In addition, strengths and even signs of corre-
lations between demography and putative environ-
mental drivers may change over time and in different
climatic regimes (Springer 1998). Indeed, Byrd et al.
(2008b) reported a positive relationship between ice
cover and productivity of Pribilof kittiwakes, sug-
gesting warming could have a negative effect on
 productivity. We estimate a negative relationship be -
tween winter ice cover and productivity on the
 Pribilofs. This might partially reflect the use of differ-
ent metrics for winter ice conditions, but our dataset
included more recent years (especially 2008 and
2009) of both high ice cover and low productivity,
whereas we excluded data before 1984, which in -
cluded years of late ice retreat and high productivity.

Demographic projections

Our analyses suggest likely declines for Buldir and
Duck Island and potential declines of both Pribilof
colonies if current environmental conditions persist
(noting, as per Fig. 2, that conditions in the North
 Pacific have been cold lately) and immigrants do not
compensate for low survival and productivity. Given
the potential biases in our survival estimates, it is not
clear whether immigration is necessary to explain near-
stability of the colonies (Fig. S1 in Supplement 1). Our
predictions of the worst performance for Buldir and
Duck and the best performance for Bogoslof and Gull
are borne out by recent population trends (Fig. S1).
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Our calculations of R0 rely on the assumption that
the CORT−mortality relationship derived for kitti-
wakes in Cook Inlet (Satterthwaite et al. 2010)
applies to other colonies and that the survival to first
reproduction measured by Suryan et al. (2000) in the
GOA applies to other parts of Alaska. It may be that
the CORT−survival relationship varies among colo -
nies; however, Satterthwaite et al. (2010) found little
support for an interaction between CORT and colony
in predicting survival, suggesting a similar form to
the relationship across islands. We have no data
on how survival from fledging to first reproduction
varies among colonies, but, if anything, we suspect it
should be lower for colonies where chick survival is
lower, suggesting young are in worse condition be -
fore departing the colony. Quantitative estimates of
R0 should thus be interpreted with caution, but our
conclusions about how survival tracks environmental
variation are likely more robust, and the large differ-
ences in R0 between colonies from different regions
are likely good measures of their relative health and
are corroborated by other evidence (e.g. increase in
the Bogoslof and declines in the Buldir and Duck
colonies). Thus, a demographic modeling approach
based on measures of CORT and productivity may
not suffice to make precise predictions of population
growth rate, but does appear able to successfully pre-
dict relative performance. This is a realistic and valu-
able goal for applied demographic models (Beissinger
& Westphal 1998, Brook et al. 2000).

Life-history considerations

None of our population projections incorporate the
effects of skipping reproduction entirely in times of
poor environmental conditions. While skipped repro-
duction would a priori be expected to reduce popula-
tion growth rates, it may not if skipping is adaptive
behavior (Cam et al. 1998). Then we would expect
birds to skip only when skipping carries a survival
benefit (relative to breeding) such that lifetime
reproductive output is expected to increase as a
result. Indeed, Lanctot et al. (2003) found that kitti-
wakes with high CORT failed to lay eggs, and Goutte
et al. (2010) found that female kittiwakes with higher
CORT were more likely to skip, suggesting the most
stressed birds are the most likely to skip reproduc-
tion and by doing so reducing their realized stress
and mortality risk. Thus, overall survival may be
higher than that estimated just for the subset of birds
persisting in breeding despite harsh conditions (and
sampled for CORT in our study), representing better

long-term prospects for apparently declining colonies.
Potential adaptive skipping might also explain the
mismatch between demographic projections and
recent stability in numbers in the Pribilof colonies.

Despite the importance of survival to the demo -
graphy of long-lived birds, it appears to be higher
productivity that is fueling the higher growth rate of
the Bogoslof versus Pribilof colonies and Gull versus
Duck. Our estimates of survival based on CORT var-
ied from 68 to 89%, although most values were at
the high end of this range, with estimated survival
always >80%, except for the Cook Inlet colonies in
1996. Other studies of Pacific black-legged kitti-
wakes have typically reported lower mortality (10 to
17% on Gull Island and 1 to 7% on Chisik [Duck]
[Piatt 2004]; 6 to 9% on Middleton Island [Hatch et al.
1993]; 10.2% with chicks or 4.7% without in Shoup
Bay [Golet et al. 1998]), so we may be underesti -
mating adult survival. However, adult survival would
have to be quite high to compensate for the low pro-
ductivity on Buldir and the Pribilofs, and even higher
for the near-zero productivities observed at Duck
Island. At just 0.11 female chicks fledged per repro-
ductive attempt (long-term mean for the Pribilofs),
even if birds experienced 81% survival from fledging
to first reproduction (much higher than the 57% esti-
mated by Suryan et al. [2000] and corresponding to
95% annual survival for 4 yr as a juvenile), over
11 reproductive attempts would be required for an
expected R0 of 1.0. This corresponds to an adult sur-
vival of 91% annually. Using Suryan et al.’s (2000)
estimate of 57% survival from fledging to first repro-
duction, stability would require almost 16 reproduc-
tive events or almost 94% annual survival. For Duck
Island, Piatt (2004) reported near 99% survival from
1997 to 1998; however, with 95% confidence inter-
vals for that year extending down to almost 70% that
estimate seems unreliable. Estimated survival for the
remaining years was near 93%, corresponding to an
R0 of 0.12 given 14.3 reproductive events, 0.57 sur-
vival from chick to fledging, and mean reproductive
output of 0.0145 female chicks per bout.

Conclusions

Our results reinforce the conclusion that predicting
seabird response to climate variability and change is
a difficult task that requires close attention to local as
well as regional patterns. We predict that warming
will have region-specific effects on stress, increasing
predicted survival for the northern colonies and de -
creasing it for southern colonies. Based on our analy-
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sis, we expect productivity will be better predicted
by local changes in conditions, with local spring SST
offering moderate explanatory power, which is con-
sistent with previous findings for Cook Inlet (Shultz
et al. 2009).

We conclude that longevity alone may not be
enough to buffer against environmental variability
and, in particular, that differences between islands in
productivity may have important demographic con-
sequences even for long-lived birds. Our results
 suggest that self-sustaining populations in  low-
productivity colonies are unlikely, even given opti-
mistic estimates of survival. Thus, we suggest that
managers do not accept low productivity on these
islands as the status quo and that they do focus on
identifying drivers of variation in productivity and
measures to increase productivity. The apparent
 mismatch between a calculated R0 below self-
replacement and near-stability or even slight in -
creases in the recent past for St. Paul and the past
30 yr for St. George suggest that migration or skip-
ping of reproduction may be important additional
factors in determining colony dynamics; thus, collect-
ing data and building models to describe these pro-
cesses should be a high priority. Similarly, the con -
cordant predictions of a high R0 and recent growth of
the Bogoslof colony suggest that skipping and migra-
tion may be less of a factor there. Our current study
identified testable hypotheses awaiting future inves-
tigations, while suggesting a tool for combining data
on productivity and stress as a proxy for full demo-
graphic studies in the face of limited resources and
climate change.
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