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INTRODUCTION

It is now widely accepted that climate variability
and change have strong, persistent effects on marine
ecosystems (Stenseth et al. 2002, Harley et al. 2006,
Hoegh-Guldberg & Bruno 2010). The Intergovern-
mental Panel on Climate Change (IPCC) projects
mean increases in air temperature of 1.1°C by the
2020s, 1.8°C by the 2040s, and 3.0°C by the 2080s as
a result of rising greenhouse gas concentrations
(Solomon et al. 2007). Much of this heat will be
absorbed by the world’s oceans. Already, as a result
of past changes in air temperature, heat content of
the ocean has increased dramatically (Belkin 2009,
Levitus et al. 2009, Burrows et al. 2011). Given ocean
warming, coupled with other predicted physical
changes including sea level rise and declines in sea
ice, effects on marine life are expected to intensify in
the coming century. Consequently, the need to

improve our understanding of the effects of climate
change on various marine organisms has become
urgent to facilitate effective species and ecosystem
conservation as well as protection of the various
ecosystem services that marine environments pro-
vide for society (Richardson & Poloczanska 2008,
Doney et al. 2012).

Seabirds exist at the ecotone of the atmosphere and
the ocean, use both marine and terrestrial habitats,
and therefore may be particularly sensitive to multi-
ple and potentially synergistic climate variations. It
has been suggested that seabirds are reliable indica-
tors of ecosystem change associated with climatic as
well as other anthropogenic and natural factors
(Cairns 1987, MEPS 2007, 2009, reviewed by Durant
et al. 2009). Seabirds are the most threatened marine
taxonomic group in the world, with ~25% of species
currently listed as threatened or considered of spe-
cial concern (IUCN 2011, Croxall et al. 2012). In addi-
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tion to climate change, threats to seabird populations
include habitat loss and degradation due to invasive
species, coastal development, physiological stressors
due to food shortages and pollution, and mortality
due to by-catch in certain types of fishing (i.e. Lewi-
son et al. 2012). In relation to climatic factors, effects
on seabirds appear to be mostly indirect, operating
through changes in local to regional food webs and
the pelagic habitat. Seabirds mainly rely on micro -
nekton (forage fish and squids) and mesozooplank-
ton (copepods and krill) for successful foraging.
Owing to their lower trophic positioning, micronek-
ton and particularly mesozooplankton are likely
more sensitive to climatic variations than upper
trophic level species such as seabirds (Richardson
2008). However, changes in the distribution and
abundance of prey would have direct effects on
seabirds through changes in bottom-up food web
dynamics (Ware & Thomson 2005) and predator−
prey interactions. At breeding colonies, seabirds
could be affected by warming of air temperature and
in some cases changes in the timing or intensity of
precipitation, which may inhibit access to nesting
colonies or, in severe cases, cause mortality due to
overheating and physiological stress. How different
seabird species will respond to coupled climate and
ecosystem change is undoubtedly related to many
factors, including life history characteristics, food
habits, range, and abundance (e.g. Furness & Tasker
2000). Furthermore, some seabirds may fare well in a
warming ocean, whereas others may become locally,
regionally, or perhaps even globally extinct (e.g.
Kitaysky & Golubova 2000, Jenouvrier et al. 2009,
Wolf et al. 2010, Lewison et al. 2012). Fortunately,
many demographically comprehensive, long-term
studies of seabirds (e.g. Barbraud & Weimerskirch
2001) provide a rich information base for assessments
of ongoing and future climatic effects on seabird pop-
ulations, species, and communities. These studies
often include information on food habits, seasonality,
and species interactions, so that mechanisms of
demographic or distributional change may be prop-
erly inferred (Cury et al. 2011).

In anticipation of the next IPCC report, Assessment
Report 5, currently scheduled for release in 2014, the
purpose of this Theme Section (TS) is to provide a
series of up-to-date studies which investigate and
evaluate how climate variability and change have
affected and may affect seabirds in the future. This
TS is based mainly on a symposium held in conjunc-
tion with the first World Seabird Conference (WSC)
from 7 to 11 September 2010 in Victoria, British
Columbia, Canada. The WSC was hosted by the

Pacific Seabird Group (PSG) in cooperation with
almost 2 dozen other organizations and societies
from across the globe (www.worldseabirdconfer-
ence.com/main.cfm?cid=1813). The papers in this TS
investigated how climate variability and change
might affect phenology (timing of breeding, migra-
tion), breeding or roosting habitat, range, demo-
graphic traits (breeding success, survival, recruit-
ment), at-sea distribution, nutritional stress, food
habits (diet composition), and community structure of
seabirds, covering 10 ecosystems from both the
northern and southern hemispheres (Table 1). These
variables have been identified as key response types
from previous ecological investigations (Sydeman et
al. 2009, Weimerskirch et al. 2012). From the onset,
we solicited studies that provided quantitative links
between trends in the physical environment vari-
ables hypothesized to be affected by climate change
(i.e. water temperature and stratification, winds and
currents, sea level, ocean acidification, and pH), and
trends in seabird parameters (see Brown et al. 2011).
Most papers in this TS met this goal. 

ROADMAP TO THE FUTURE

Meta-analysis

To place the papers of this TS in perspective, we
conducted a literature review and provide an initial
meta-analysis (cf. Parmesan & Yohe 2003, Rosen-
zweig et al. 2008) of data gleaned from 108 seabird−
climate studies published in primary journals (see the
Supplement at www.int-res.com/ articles/ suppl/ m454
p107_ supp.pdf). We conduc ted this literature re view
using the ISI Web of Knowledge based on the follow-
ing search terms: (1) sea birds climate change, (2)
seabirds climate variability, (3) seabird climate
trends, (4) seabird climate food availability, (5) sea -
bird climate variation, and (6) seabirds climate. We
mined the literature cited sections of prominent
authors to find more papers about seabirds and
 climate change. Inclusion requirements were that
each study had to be longer than 2 yr in duration, and
authors had to state explicitly that one of their objec-
tives was to explore the effects of climatic factors on a
seabird-dependent variable. From these 108 papers,
a total of 2877 records of seabird−climate as so ci a -
tions (mostly correlations and regression results)
were compiled, irrespective of reported statistical
significance (though significance was noted). A re -
cord is defined as a statistical test between a seabird
response (dependent) variable against a climate

108
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(independent) variable. On average, we tabulated
~27 tests per paper, and found that few authors
adjusted for multiple tests in their analyses, nor did
many authors test or adjust for autocorrelation in cli-
matic or seabird time series. Our search and initial
meta-analysis of the seabird−climate literature
should not be considered comprehensive; new
papers published after 2011 are not included, and
 literature from certain key regions (e.g. Southern
Ocean) is somewhat incomplete due to limitations in
our search criteria. However, our review and analysis
can be considered representative of the literature on
seabird−climate interactions up to 2011. As such, it
provides a benchmark with which to evaluate the
papers published in this TS as well as a key part of
defining a roadmap for the future of seabird− climate
research.

Climate variability versus climate change

We summarized previous studies with respect to
the author’s objectives and found that 49% of the
papers were focused on ‘climate variability’ whereas
28% emphasized ‘climate change’, and 23% referred
to both climate change and climate variability as
objectives. These statistics suggest that about half of
the previous studies were intended as studies of cli-
mate change effects on seabirds. Note that in this TS,
all of the papers were intended to be about climate
change, though in some cases, authors explored
 climate variability as a means to explore potential
 climate change effects in the future.

Global coverage

With respect to climatic effects, seabirds are a well-
known taxonomic group, with study sites distributed
around the world (Fig. 1A). Previous studies of
seabird−climate interactions are concentrated in the
NE Atlantic (North Sea, Norwegian Sea) and off the
west coast of North America (California Current to
Gulf of Alaska). While studies are widely distributed,
there are many regional oceans with little or no infor-
mation. There are few studies in the large olig-
otrophic or equatorial upwelling regions of the cen-
tral Atlantic and Pacific Oceans. In the sub-tropical
central Indian Ocean, however, there have been sev-
eral seabird−climate studies. A summary of latitudi-
nal variation in study location demonstrates that
tropical and sub-tropical regions, in particular, are
under-represented in the seabird−climate literature

(Fig. 1B). Some of the contributions to this TS help to
fill some of these gaps in the global coverage of
seabird−climate investigations, e.g. for the sub-arctic
Bering Sea (Dorresteijn et al. 2012, Satterthwaite et
al. 2012), the sub-tropical western Atlantic (Hass et

110

Fig. 1. (A) Study locations, (B) latitudinal distribution and 
(C) number of species per study in 108 publications on 

seabirds and climate change
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al. 2012), and the sub-tropical eastern Indian Ocean
(Surman et al. 2012). More studies in various regions
of the world are clearly needed for a global assess-
ment of climate change on seabirds. To that end,
some time series of seabird parameters in low-
 latitude systems have been developed, but have not
been analyzed in relation to climate (e.g. Young et al.
2012); we encourage researchers to use or share
these data so that key questions pertaining to the
effects of climatic factors on seabirds can be ad -
dressed for under-studied regions of the world.

Number of species per study

In our review of the literature, we found data on a
total of 98 species with an average of 3 species per
study, but most studies (53.7%) were conducted on
single species at single sites (Fig. 1C). A concern with
using single-species studies in meta-analyses is that
they may be publication biased, as only data sets
demonstrating change might be deemed suitable for
publication by journal reviewers and editors. While
clearly important for syntheses of climate change
effects on seabirds and other taxa, negative (no
change) data could be difficult to publish unless com-
bined with positive (change) data for other species.
Notably, in previous global-scale meta-analyses on
the biological effects of climate change, Parmesan &
Yohe (2003) and Parmesan (2007) only used multi-
species studies. For a global synthesis of seabird−cli-
mate interactions, the number of species per study is
a constraint. In this TS, only 2 of 12 original data
papers (Sidhu et al. 2012, Smith & Gaston 2012) are
based on a single species studied at a single location
(Table 1). About half of the papers presented here
are based on multiple species, for which both positive
‘change’ and negative ‘no change’ results are
reported. The other papers, which focus on single
species, all include multiple study sites that allow for
tests of spatial variability. The addition of spatial
components (e.g. multiple colonies in a meta-popula-
tion context) greatly enhances the information con-
tent (and degrees of freedom) of seabird responses
and climatic factors, strengthening inferences
regarding detection of change and attribution of
observed variability to climatic factors.

Temporal characteristics of previous studies

Somewhat remarkably, 85% of seabird−climate
studies reported on continuous (i.e. annual) seabird

time series data sets. A total of 10% of previous stud-
ies reported on time series which were irregular (i.e.
missing some years in an otherwise regular research
program) and 4% compared seabird parameters in
2 different time periods. The mean period covered in
the 108 papers was ~23 yr, with an average of
~20 years of data per study. In this TS, the longest
study covers 41 yr (Sidhu et al. 2012). Statistically
speaking, long-term, preferably continuous, studies
are required to both detect and attribute change in
taxa to climate change. Most methods of robust attri-
bution, including multi-step meta-analysis (e.g.
Rosenzweig et al. 2008, Hegerl et al. 2009), are based
on multi-decadal time series which facilitate detec-
tion of change using statistical trend analyses, as well
as integration of physical environmental and biologi-
cal data that can be used to attribute change to nat-
ural and anthropogenic climate signals.

Seabird parameters studied

In previous studies, approximately 88% of the
seabird−climate associations involved any of 5
seabird response (dependent) variables: reproduc-
tion (e.g. breeding success and other measures of
reproductive performance), abundance, survival (of
both adults and juveniles), phenology (timing mea-
surements), and adult condition (Fig. 2A). Other
measurements, which were more rarely investigated,
included chick growth, community change, behavior,
and distribution. Notably, distributional change is a
key variable often reported for studies of climate
change effects on plankton and fish (e.g. Beaugrand
et al. 2002, Perry et al. 2005), yet distribution has not
been a focus in previous seabird− climate research. In
this TS, 8 papers considered change in reproduction,
6 investigated aspects of abundance, 7 considered
survival/mortality parameters, 6 involved phenologi-
cal measurements, 7 considered food habits, 2 in -
cluded data on body condition, and 2 focused on
nutritional stress (Table 1). Thus, we present a bal-
anced set of seabird parameters, and notably a
higher percentage than is typical in the literature on
diet, a variable that provides direct linkages between
changes in the physical and biological environments
and seabird populations. However, as found in our
meta-analysis, studies of seabird distribution and
range shifts in relation to climate change were
under-emphasized. Thompson et al. (2012b), how-
ever, report on a related topic, namely seasonal vari-
ation in distribution and abundance of seabirds in the
southeast Gulf of Alaska.
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Climate parameters studied

Based on our meta-analysis, the large-scale climate
indices previously studied were dominated by the
Southern Oscillation Index (SOI) and North Atlantic
Oscillation (NAO); these 2 variables accounted for
roughly 2/3 of all seabird−climate records (Fig. 2B).
In this TS, the SOI, NAO, Pacific Decadal Oscillation
(PDO), and Arctic Oscillation (AO) were all studied in
about equal proportions (Table 1); in addition, local
and regional air and sea temperature, ice cover and
other variables (especially winds and currents) were
well-represented. Meta-analysis also revealed that
no study to date has considered the effects of ocean
acidification (pCO2 or pH) or de-oxygenation on
seabird food resources, despite the fact that these
physical variables have garnished significant atten-
tion, especially in the past decade (Doney et al.
2012). While basin-scale climate indices often pro-
vide strong correlations with seabird variables,

understanding mechanisms of change in
seabird populations and communities
will be facilitated by matching variation
in local to regional-scale marine climate
with global climate models (GCMs).
However, the fact that GCMs provide
output on relatively large spatial scales
whereas seabirds respond to environ-
mental factors operating at local and
regional scales remains a challenge.
Moreover, for the oceans, GCMs demon-
strate ubiquitous warming, whereas
some regions of the oceans, notably east-
ern boundary current upwelling ecosys-
tems are cooling (Burrows et al. 2011).
Therefore, down-scaling and correcting
the models to account for regional cool-
ing trends are required before seabird
data can be integrated with results from
GCMs. Without such inputs from the cli-
mate modeling community, attribution of
changes in seabird parameters to cli-
mate change will remain limited in geo-
graphic scope and may lead to biased
and erroneous conclusions.

Significance of effects by biome

From our literature review, we catego-
rized previous studies by Longhurst
biome (tropical/sub-tropical, transi-
tional, sub-polar/polar; Longhurst 2007)

and examined the significance of all climatic factors
combined by biome with respect to their effects on
seabird variables. Overall, about 31% of the seabird−
climate records obtained in tropical biomes were sig-
nificant (defined as a statistical test with p < 0.05).
This declined to about 20% being significant in the
transitional biomes, and 17% significant in the sub-
polar/polar biome (Fig. 3A); these differences were
significantly different (logistic regression, p < 0.05).
As noted in ‘Global coverage’ above, previous stud-
ies in tropical/sub-tropical systems were relatively
rare, but despite the limited sample size of seabird−
climate records in this biome, our analysis suggests
that tropical seabird species and populations may be
at least as sensitive to climate change as mid- or
high-latitude ones. Further research is needed to
ascertain whether this observation is robust. In this
TS, only Surman et al. (2012) provide new informa-
tion to enhance the number of tropical/sub-tropical
studies worldwide.

112

Fig. 2. (A) Seabird responses and (B) climatic indices studied in 108 publica-
tions on seabirds and climate change
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Variation in temperature effects

Within the transitional biome, there were sufficient
data to assess the effects of sea surface temperature
on a suite of different seabird parameters (Fig. 3B).
Survival was almost always (>90% of records) nega-
tively related to increasing temperature, and about
70% of the time reproductive success was also nega-
tively related. In contrast, relationships with temper-
ature were equally positive and negative for relative
abundance, growth and condition, and phenology.
This variation suggests that general hypotheses con-
cerning climate warming and its effects on marine
life (e.g. earlier phenology, poorer reproduction, and

pole-ward shifts in distribution; Doney et al. 2012)
may not always be applicable to seabirds, or may be
associated with multiple mechanisms operating
simultaneously (e.g. immigration and shifts in range),
with opposing signs in relation to temperature or
other climatic factors. Instead, this variation high-
lights the need to consider regional and local mecha-
nisms to elucidate both positive and negative rela-
tionships between climate and seabird parameters.

DISPARATE MECHANISMS OF RESPONSE

Since seabirds are heterotrophic, nektonic marine
organisms, it is not surprising that most previous
studies of climate variability effects on seabirds sug-
gest indirect mechanisms, operating through varia-
tion in water column characteristics (Ainley & Hyren-
bach 2010) or food webs and prey availability
(Barbraud et al. 2012, Dorresteijn et al. 2012, Thomp-
son et al. 2012a). Direct effects, however, are possi-
ble, though these have been under-studied. For
example, sea level rise may inundate low-lying
breeding colonies, but most low-lying breeding sites
are located in the tropics where seabird−climate
studies are comparatively rare. Physiological stress
due to overheating on colonies is also possible (Gas-
ton et al. 2002, Oswald et al. 2008), but has not been
adequately addressed to date, with most authors
focusing on water instead of air temperature (but see
Lynch et al. 2012, Smith & Gaston 2012, Watanuki &
Ito 2012). Climate change-induced increases in wind
fields could affect foraging success; in the case of
procellarid seabirds which rely on wind for flight
capacity, this change may improve foraging success
with positive demographic consequences (Weimer-
skirch et al. 2012). In this TS, the direct negative
impacts of wind are demonstrated by Hass et al.
(2012), who alert us to the effect of hurricanes on the
extinction risk of an endangered species (Table 2).
Future studies on direct mechanisms of response in
seabirds are warranted.

Indirect effects and food-related mechanisms of
response, however, dominate the studies in this TS
(Table 2), as they do in the literature. Briefly, the
amount of energy available to seabirds in the envi-
ronment plays a significant role in many, if not most,
seabird−climate relationships. Underlying this con-
cept is the assumption of bottom-up food web inter-
actions, i.e. that climate variability and change affect
primary productivity with amplified effects to mid-
(zooplankton and forage fish) and upper (seabird)
trophic levels. In this TS, Burthe et al. (2012), Pro -
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Fig. 3. (A) Percentage of statistically significant (p < 0.05)
seabird responses to climatic factors by Longhurst biome
(Longhurst 2007). (B) Percentage of seabird responses that
had a negative relationship with sea surface temperature in
the transitional biome by response type. Reproduction:
reproductive success. Numbers above bars: sample size (n)
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vencher et al. (2012), Watanuki et al. (2012), Grémil-
let et al. (2012), and Dorresteijn et al. (2012) show
how seabird food webs are changing in different re -
gions. The changes in food webs, exemplified by
changes in seabird diet, sometimes (Burthe et al.
2012) but not always (Dorresteijn et al. 2012, Grémil-
let et al. 2012, Provencher et al. 2012, Watanuki & Ito
2012) reflect changes in diet quality; often the food
web change is driven by species abundance or avail-
ability (Dorresteijn et al. 2012). In some cases, these
changes affect breeding success or other demo-
graphic attributes. Comparison of seabirds operating
on different trophic levels may be particularly rele-
vant in this regard. For example, at the Pribilof
Islands, Alaska, opposite responses are observed
between sympatric planktivorous (Dorresteijn et al.
2012) and piscivorous (Satterthwaite et al. 2012)
seabird species to the same changes in the physical
environment.

CONCLUSIONS

Based on the literature and supported by this TS, it
is clear that seabirds are responding to climate
change on a global scale and can contribute to our
understanding of climate change effects on marine

ecosystems. Yet, our interpretations are limited
because despite having some of the best (long-term
and comprehensive) biological time series in the
marine realm, seabird data sets are still of insufficient
duration to separate natural inter-decadal variability
from human-induced climate change effects (i.e.
Sidhu et al. 2012). Therefore, one of our key recom-
mendations is the need to maintain and possibly
enhance existing long-term research and monitoring
programs, even in times of financial limitations.
These programs are necessary to develop the time
series required to provide strong inference concern-
ing seabirds and anthropogenic global warming. 

A second key part of our roadmap for the future
involves developing better mechanistic hypothesis
and testing seabird−climate relationships in a predic-
tive context. As noted in this TS, some mechanisms
are apparently stronger than others. In particular,
many climate-related effects appear to operate indi-
rectly, with changes to seabird trophic ecology most
often proposed as an explanatory mechanism
(Table 2). Rarely, however, is concurrent information
on prey abundance available to link climate, oceano-
graphic conditions, food resources, and seabird
responses. Moreover, for a global assessment of cli-
matic effects on seabirds, we need to investigate and
demonstrate such mechanisms across sites and eco -

114

Authors                        Scale                          Primary mechanism(s) of response

Burthe et al.                 Regional                    Temporal mismatch in abundance between trophic levels limits bottom-up
energy transfer

Lynch et al.                  Local                          Change in timing can result in greater interspecific competition for nesting
space on colonies

Surman et al.               Regional                    Changes in large-scale currents and eddy kinetic energy limit prey availabil-
ity to breeding birds

Thompson et al.          Mesoscale                 Ocean warming and lengthened growing season allow delay of migration

Provencher et al.         Regional                    Loss of sea ice alters forage fish community due to reduction in primary
productivity

Watanuki & Ito            Local, regional          (1) Arctic winds cause freezing of nesting habitat, restricting access
(2) Currents and advection alter forage fish community and prey availability

Grémillet et al.            Regional                    Plasticity in foraging behavior buffers response to climate variability and prey
availability

Dorresteijn et al.         Regional                    Ocean warming causes a change in diet and nutritional stress of planktivorous
seabirds

Satterthwaite et al.      Basin                          Warming drives nutritional stress-induced mortality of piscivores to the
benefit of northern but not southern sites

Smith & Gaston           Regional                    Lagged effects of climate variation affect different demographic attributes

Hass et al.                    Basin                          High wind events cause habitat displacement and mortality

Sidhu et al.                  Regional                    Increased spatial temperature gradients between water masses affect survival

Sandvik et al.              Basin                          Life history trade-offs between survival and reproduction or recruitment
predict population response

Barbraud et al.            Basin                          Interaction of long-line fisheries bycatch and climate influences populations

Table 2. Major findings of articles in this Theme Section
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systems. While it is not practical to monitor food
resources for many colonies or ecosystems, new
physiological tools which directly relate nutritional
stress to population processes (Kitaysky et al. 2007,
2010) can be applied on relatively large geographical
scales at reasonable expense (Satterthwaite et al.
2012, Dorrensteijn et al. 2012); measurements of the
stress hormone corticosterone might be particularly
useful in this regard (Barbraud et al. 2012). Also
needed, however, is better information about the
demography, structure (genetics), and connectivity
(dispersal statistics) of seabird populations. As shown
by Sandvik et al. (2012), to understand the ‘fitness
landscape’, fecundity and survival need to be mea-
sured simultaneously with concurrent measurements
of changes in the physical environment. Seabirds
may be buffered sufficiently to overcome nutritional
deficits and reproduce successfully (Grémillet et al.
2012), but this could come at the cost of their survival.

Third, given the need for a global assessment and
greater understanding of mechanisms involving pri-
mary productivity and food webs, both physical
oceanography and ecosystem science will be a back-
bone for seabird climate change ecology. We see
integration of numerical oceanographic (e.g. Regio -
nal Ocean Modeling System [ROMS]), ecosystem
(e.g. Nutrient-Phytoplankton-Zooplankton [NPZ] mo -
dels) and individual-based population dynamics
models of seabirds as a fruitful approach. For exam-
ple, ROMS models could be forced by output from
the next generation of GCMs to provide key informa-
tion about the likelihood of change in pelagic, and
perhaps coastal, habitats. NPZ models coupled with
ROMS could provide information on key changes in
seabird food webs and prey abundance. Finally, pop-
ulation dynamics models could integrate changes in
habitat characteristics and food resources in the pre-
dictive demographic framework advocated above
(this section). In this manner, mechanisms of change
(pathways of response) could be articulated and
tested mathematically, and subsequently compared
and verified using empirical data (Jenouvrier et al.
2009, Wolf et al. 2010). The road map to the future,
thus, includes more ‘end-to-end’ modeling and long-
term empirical studies with an emphasis on interdis-
ciplinary research. Only through such an integrative
approach will accurate predictions of change in
seabird populations be possible, thereby facilitating
seabird conservation in a changing world.
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