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ABSTRACT: Steep declines in Arctic skua populations in the southern extent of their breeding
range have been reported during the last half of the 20" century. We used 24 yr of ringing and re-
encounter data from the Faroe Islands, North Atlantic, to investigate if patterns in survival probabil-
ities can be explained by large-scale climatic events. Having first determined the migratory phen-
ology and wintering regions, we estimated the effects of the North Atlantic Oscillation (NAO) index
on survival during breeding and the Oceanic Nifio index (ONI) during the non-breeding period
within a capture—mark—recapture framework. Temporal trends along with direct and time-lagged
effects of the environment on annual survival were modelled. We found support for a substantial
decrease in adult annual survival, from ca. 0.93 in 1985 to ca. 0.77 in 2008, and weak support for a
decrease in young (first year) survival over the duration of the study period. Furthermore, models
indicated increased young survival following an El Nifio winter. We suggest this time-lagged effect
reflects downstream propagation of environmental conditions, particularly food availability, or a
potential carry-over effect of E1 Nifio conditions positively impacting the performance of the parents
in the subsequent breeding season, leading to improved young survival prospects. While adult mor-
tality cannot be attributed to the oceanic climate oscillations tested here, the negative trend in sur-
vival may account for the substantial population declines observed over the last decades.
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1. INTRODUCTION

Seabirds occupy the upper trophic level and are
important in island and marine ecosystem processes,
function and resilience (Paleczny et al. 2015). Their
distributions and population dynamics are strongly
connected with their feeding ecology and patterns of
food availability, which are dependent on climatic
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and oceanographic factors such as water temperature
and currents (Meier et al. 2017). Therefore, changes
in any such environmental variables can substantially
influence seabird survival and productivity (Irons et
al. 2008, Waugh et al. 2015, Champagnon et al. 2018).

Steep declines in seabird numbers have been
reported during the last half of the 20th century.
Paleczny et al. (2015) assessed the population trend of
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the world's monitored seabirds from a global data set
representing ca. 19% of the global seabird population
and found an overall decline of 69.7% between 1950
and 2010: a pattern reflected in the population trends
of seabirds in the North Atlantic (Irons et al. 2008).
Moreover, population declines are more apparent in
migratory species (Kubelka et al. 2022).

Given that a broad range of factors may affect demo-
graphic parameters, identifying the drivers of popu-
lation dynamics is often difficult. Unravelling the ef-
fects of different factors is especially challenging for
migratory species, as they depend on multiple, widely
separated areas that may contrast in their (rate of
change in) conditions. As migratory species spend the
majority of their annual cycle on migration or over-
wintering, the habitat conditions experienced during
these periods are likely to influence the survival of
all age classes post fledging. Likewise, conditions
on breeding grounds influence reproductive success,
with decreases in productivity evident in years when
conditions are poorer (Fife et al. 2018). In addition to
these within-season effects, conditions experienced in
one season can affect the condition and performance
of individuals in later seasons (Harrison et al. 2011).
The effects of climate on species survival have re-
ceived increased interest during the last few decades
due to accelerated climate change (Johannesson et al.
1995, Ballerini et al. 2015, Salas et al. 2017). As shown
in several studies, climate indices can influence the
survival and breeding success of both migrant and
non-migrant birds (England 2000, Irons et al. 2008,
Boano et al. 2010, Genovart et al. 2013, Waugh et al.
2015). For example, blue-footed booby Sula nebouxii
in the Galapagos suffered increased mortality during
an El Nifio year, when sea surface temperature (SST)
was elevated; similarly, chick growth rates of dark-
rumped petrel Pterodroma phaeopygia decreased dur-
ing the 1983 nesting season, one of the strongest El
Nino events since records began (England 2000). For-
mal analysis of long-term data revealed a complex in-
teraction of stochastic oceanic processes on sooty
shearwater Puffinus griseus chick quality, including a
time-lagged effect of El Nifo oscillations (Humphries
& Moller 2017). In adult blue petrels Halobaeria
caerula, Barbraud & Weimerskirch (2003) found that
increased mortality occurred when the El Nifio—
Southern Oscillation (ENSO) phase was associated
with warmer water temperatures. The influence of cli-
mate indices on seabird survival rates is likely ex-
plained by the important impact of stochastic ocean-
scale environmental processes on ecosystem cascades
affecting nutrients, temperature and primary produc-
tivity (Polis et al. 1997). Formally linking survival and

reproductive rates to climate indices, such as the
ENSO and the North Atlantic Oscillation (NAO) in-
dices, can be a first step towards understanding the ul-
timate or proximate drivers of population dynamics
(Descamps et al. 2010).

The influence of the ENSO in the Pacific Ocean
triggers a cascade of events globally across equatorial
regions and the Southern Ocean, with delayed propa-
gation of conditions across the Atlantic, albeit less
robust (Kim et al. 2023). During El Nifio periods,
warm Pacific waters are associated with increased
atmospheric stability and suppressed tropical cyclone
genesis over the Atlantic; while during La Nifa years,
cold equatorial Pacific SSTs are associated with
decreased stability and increased tropical cyclones in
the Atlantic between ca. 0° and 30°N (Kim et al.
2023). In the year following an El Nifio event, warm
water in the Atlantic may contribute to increased hur-
ricane formation from Cape Verde towards the Ameri-
cas (Kim et al. 2023). Overall higher wind speeds and
lower SSTs around Atlantic upwellings are associated
with significant increases in primary productivity
(chlorophyll a [chl a]) (Oviatt et al. 2015), which likely
propagates into higher trophic levels. In contrast,
periods of above-average SSTs lead to reduced egg
and fish abundance (Franco et al. 2020). The NAO
index is simply the pressure differential between Ice-
land and the Azores. In the North Atlantic region, the
positive phase is related to warmer and wetter am-
bient conditions and more severe storms (Hurrell et
al. 2001, Baez et al. 2021). Milder weather conditions
lead to advanced reproductive phenology (Baez et al.
2021), while increased precipitation and extreme
weather events may have a direct impact on higher
mortality (Stenseth et al. 2002, Frederiksen et al.
2008) and an increased energetic cost of migration
(Nourani et al. 2023). Negative NAO phases are
linked to relatively warmer water and cooler air tem-
peratures but dry and stable summers. NAO in-
fluences zooplankton abundance and reflects fish
abundance and body condition, with fish larvae being
particularly sensitive to variation in water conditions
(Stenseth et al. 2002, Drinkwater et al. 2003). In the
waters east of the Faroes, the NAO has a significant
positive relationship with lower trophic levels (phyto-
plankton and zooplankton) (Drinkwater et al. 2003).
Around the Faroes, overall krill abundance was
attributed to temperature and chl a (Silva et al. 2013),
and the positive phase of the NAO is favourable for
cod stocks; however, the opposite is found in the
North Sea, although the effect size is small (Drink-
water et al. 2003, Overland et al. 2010). Due to intense
fishing practices, there are difficulties in attributing
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prey demographics to oceanic processes in many
regions (Oviatt et al. 2015). Cory's shearwaters Calo-
nectris borealis increased their foraging effort in
negative phase NAO years, which was attributed to
lower marine productivity in the eastern mid-North
Atlantic (Paiva et al. 2017). In Scotland, the NAO
phase is a predictor of breeding phenology in black-
legged kittiwakes Rissa tridactyla and common
guillemots Uria aalge as well as the breeding success
of northern fulmars Fulmarus glacialis and subse-
quent population trajectories (Thompson & Ollason
2001, Frederiksen et al. 2004). While the NAO can
clearly be an important factor in seabird ecology,
there are difficulties in making specific predictions
for a given population.

Indices of large-scale ocean processes reflect mul-
tiple variations in the marine environment, including
water and air temperatures, winds, salinity, run-off
and precipitation, and can capture more of the envi-
ronmental stochasticity than individual metrics. In
general, the influence of the oceanic phase is likely to
be cumulative and dynamic, and lags can be expected
for some effects (Stenseth et al. 2002). While the
underlying bottom-up mechanisms are complex and
geographically explicit, they provide a valuable tool
to elicit variation in biological processes.

Like many populations of vulnerable seabird species
in northwest Europe (Dias et al. 2019), Arctic skua
Stercorarius parasiticus populations are declining
rapidly (Perkins et al. 2018). The Arctic skua is a
migratory seabird with a circumpolar breeding range
in high-temperate to high-Arctic zones. It is long-
lived, with immature birds recruiting to the breeding
population from the age of 4 yr (O'Donald 1983, Fur-
ness 1987). They are kleptoparasitic and, thus, highly
dependent on other seabirds (Furness 1987), most of
which have also experienced sharp population
declines (BirdLife International 2018). Although the
Arctic skua is listed as Least Concern globally (Bird-
Life International 2018), with a world population esti-
mated at 400000—600000, it is considered 'endan-
gered' within the European Union (Burfield & van
Bommel 2004). In the UK, the species declined by ca.
66 % during the period 2015—2021 (Burnell et al. 2023),
and in the Faroe Islands, the population declined from
1200—1500 pairs in 1981 (Bengtson & Bloch 2003) to
ca. 207 pairs in 2017 (Santos 2018). The proposed
drivers of these declines are geographically limited;
however, in the UK and Norway, associations were
found with food shortages and predation of eggs and
young (Perkins et al. 2018, van Bemmelen et al. 2021).

The decline of European Arctic skua populations
has hitherto been mainly attributed to factors dur-

ing the breeding periods on reproductive success,
and adult survival was considered to be sufficiently
high to maintain a stable population. However, a
full understanding of population decline requires
quantification of potential effects from both the
breeding and non-breeding periods on both adult
and immature mortality (Flack et al. 2022). We
hypothesise that for long-lived, long-distance migra-
tory seabirds, non-breeding environmental con-
ditions rather than breeding conditions influence
survival rates and, thus, population dynamics.
Population rates for these life history traits are
expected to be most sensitive to adult survival
(Morris et al. 2011), and as such, are generally buf-
fered against variations in environmental conditions
(Hilde et al. 2020). However, extreme weather
events can influence survival (Frederiksen et al.
2008) and are likely to be encountered more often
during the non-breeding period, when conditions
are less predictable (Lisovski et al. 2017).

Here, we investigated annual survival of adult and
young Arctic skuas breeding in the Faroe Islands.
Within a formal capture—mark—recapture frame-
work, we explored annual survival, trends in annual
survival and the influence of oceanic scale climatic
events, specifically ENSO and the NAO, using a ring-
ing data set spanning over 2 decades. We predicted
that non-breeding conditions, the largest component
of the annual cycle (van Bemmelen et al. 2024),
influence annual survival of both young and adults,
with El Nifo years having an overall negative effect
due to increased water temperatures leading to
reduced marine productivity. Furthermore, as a long-
lived species, we expected adult survival to be largely
buffered against environmental variability; as such,
(1) mortality will be greater in young than in adults,
and (2) instead of affecting survival, poor feeding
conditions may be expected to carry over to the
breeding performance of the adults due to their
poorer condition upon arrival, leading to subsequent
increased mortality of offspring.

2. MATERIALS AND METHODS
2.1. Study species and sites

The Faroe Islands (61°53' N, 6°58' W) are located
between the UK and Iceland, in the middle of the
North Atlantic current, which creates stable tempera-
tures and a maritime climate (Fosaa et al. 2004). The
Faroese archipelago consists of 18 islands and is an
important breeding site for seabirds (Bakken et al.
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2006). Ringing of Arctic skuas has been conducted
since 1924 across the archipelago, but has not been
systematic (Hammer et al. 2014).

As part of a tracking programme covering the
Atlantic Arctic marine areas (AMAs) (Kuletz et al.
2017), tracking data was obtained from 20 birds in
the Fugloy colony in 2016 and 2017 (Fig. 1). Full
details of the analysis and interpretation of light level
data are detailed in van Bemmelen et al. (2024). The
Faroese Arctic skua population winters on the Pata-
gonian Shelf, Discovery Seamounts, coastally from
the Iberian Plain to Cape Verde Islands, the Gulf of
Guinea and off the Namibian coast and the Cape of
Good Hope (Fig. 1). Spatio-temporal data was used
to select appropriate environmental indices. Mean
arrival and departure dates were 27 April and 8
August for breeding and 9 September and 21 March
for overwintering sites.

2.2. Environmental variables

Standardised large-scale oceanic indices were
selected for a spatio-temporal schedule of the long-
distance migrant. The Oceanic Nifo index (ONI)
quantifies the phase and strength of ENSO events,
where negative values correspond to La Nifa years
and positive values to El Nifio years (NOAA 2018a).
The NAO index is the air pressure differential
across the North Atlantic and represents the phases
of the NAO (NOAA 2018b). Both ONI and NAO
index data are presented as aggregated 3 mo over-
lapping temporal periods, with values ranging from
—1.64 to 2.24 and —1.4 to 1.8, respectively (Fig. 2).
Wintering and breeding periods were derived from
the GLS data. We calculated mean ONI during
the stationary non-breeding season (September to
March) and mean NAO index during the breeding
season (May to July; Fig. 2). Values
were used as covariates in the sur-
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vival model, both as a direct effect

(same year) and as a time-lagged
effect from the previous year.

2.3. Survival analysis

We used a subset (1985—2008) of the
ringing and recovery data that had
been digitised and had the greatest
continuity of data (prior to 1985, gaps
of >2 yr in ringing effort occurred).
Where discrepancies made the record
unreliable, we excluded these individ-
uals from our dataset (n = 2). The data
set totalled 1060 individuals, of which
530 were ringed as chicks and 530 were
ringed as adults; 85 individuals were
subsequently re-encountered (alive
and/or dead) during the 24 yr (Fig. S1
in the Supplement at www.int-res.com/
articles/suppl/m754p093_supp.pdf).
Live re-encounters consisted of ring
reading during breeding season field-

Fig. 1. Non-breeding areas of Arctic skuas breeding in Fugloy, Faroe Islands,
based on positional data from 20 GLS-tracked birds 2016—2017 (van Bem-
melen et al. 2024). Blue transparent circles: daily wintering GLS positions; blue
circles with black outlines: the centroid of each bird. Birds largely overwinter
on the Patagonian Shelf, Discovery Seamounts, coastally from the Iberian Pen-
insula to the Cape Verde Islands, the Gulf of Guinea, the Angola Current and
from the Benguela Current westwards to Tristan da Cunha. The breeding
range is given in green; dark green circle: the Faroe Islands study site. Breed-
ing range data from BirdLife International and Handbook of the Birds of the
‘World (2016); a Robinson projection was used to create the map

work; dead recoveries included in-
dividuals recovered from the study
colony and rings reported to the ring-
ing scheme. The reporting probability
structure is similar to the ringing effort
for the period included in this study. A
year was defined as starting on 1 May
and ending on 30 April of the following
calendar year, to coincide with the
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Fig. 2. (a) Oceanic Nifio index (ONI) and (b) North Atlantic

Oscillation index (NAO) from 1984—2008. Lines: 3 mo roll-

ing mean per calendar month; bars: mean aggregate for the

period of interest: (a) non-breeding period (September to

March) and (b) breeding period (May to July), of which values
were used as covariates in the survival models

birds' breeding cycle. For young birds, the initial year
is the period from ringing (typically from 10 d after
hatching) until the following breeding season and
therefore includes the late chick stage, fledging and
dependant period.

Annual survival was estimated from a formal capture—
mark—recapture framework with the Mark software
(v.10.1) (White & Burnham 1999). Firstly, we use the
Burnham model for joint live and dead encounters
(Burnham 1993). This method calculates parameter es-
timates of apparent survival (S), live re-encounter pro-
bability (p), dead recovery probability (r) and fidelity
(F). An encounter history was created for each individ-
ual in the classic 2 age-class structure: for young (first
year) and for adults and included both live and dead
encounters. We modelled F as constant due to known
high philopatry and no reported post-natal dispersal
between the Faroe Islands and the nearest colonies in
the UK (Hammer et al. 2014): Fwas found to be high: F =
0.94 = 0.065 (mean = SE). As Arctic skuas generally
delay breeding until their 4th season (O'Donald 1983,
Furness 1987), p and r were modelled as a function of
3 age classes: young, immature (Imm) and adults. Dur-
ing the immature years (age 1—3 inclusive), birds are
thought to be entirely marine, not returning to land once
they leave the colony (Furness 1987). As such, p(Young),
p(Imm) and r(Imm) were fixed to 0. As ringed young
birds could be recovered dead in the colony after the
breeding season had finished, r(Young) was estimable
(there were 3 occurrences in the data where birds
ringed as chicks were recovered dead within the first
year). S was modelled as a function of 2 age classes
(young and adults), with the assumption that once

birds are full-grown immatures, after 1 yr, they will have
the same mortality as breeding adults. As the joint
model includes more parameters than a live-only re-
encounter model, we also repeated the analysis by
modelling apparent survival with a Cormack-Jolly-
Seber (CJS) model (Lebreton et al. 1992). This method
calculates parameter estimates of apparent survival
(@) and p. The encounter history for each individual
was created in the same 2 age-class structure: for young
(first year) and for adults using only live encounter
data. The structure of the model followed the Burnham
model, and p(Young) and p(Imm) were fixed to 0.

We derived a basic model (i.e. a single survival pro-
bability over all years) and modelled year-dependent
survival for each age class. We then compared the fol-
lowing a priori candidate models: linear temporal
trends of survival rates for both age classes combined
and for each age class independently, and the effects
of the 2 environmental covariates (detailed above) on
survival probabilities. We estimated a dispersion coef-
ficient with the bootstrap goodness-of-fit function in
MARK to the general model and some over-dispersion
was indicated. Residuals were visually inspected and
minor departures from goodness-of-fit did not indicate
a structural issue. Therefore, we calculated the vari-
ance inflation factor (¢) via the median c-hat procedure
in MARK, and then used this to adjust Akaike's in-
formation criteria corrected for small sample size ad-
justed for median-¢ (AIC¢) values (Akaike 1973). We
tested the overall CJS model encounter histories using
the overall _CJS() function in the R package ‘R2ucare’
(Gimenez et al. 2018; a formal test for the Burnham
model is not available). This tests the basic assump-
tions of that model and indicated that the CJS models
were appropriate for the data and that any overdisper-
sion in the data was not significant (x> = 16.181, p =
0.973, df = 29). No formal statistical method for testing
goodness-of-fit for models with linear covariates (here,
trends over time or environmental covariates) is avail-
able (See Text S1 for summary of modelling work-
flow). Model selection was based on the ranking
of AICc. Survival estimates (=SE) are given as back-
transformed from the logit link function beta parameter
estimates. Linear trends are visualised with 95% con-
fidence intervals.

3. RESULTS

The basic joint Burnham model (Model B; Table 1)
estimated the overall survival of young and adults as
0.43 = 0.14 and 0.92 = 0.07, respectively. Year-
dependent annual survival was estimable in 10 of the
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Table 1. Annual survival model results for Arctic skuas relative to the highest-ranked model (Model C1) and grouped into tem-
poral trend models (Models T1—T3) and environmental variable models (Models E1—E6). The basic model (Model B) is also
shown. Akaike's information criterion values adjusted for median-¢ (AIC¢), differences in AICc (AAICc), within-group AAICc,
weights, model likelihood, number of estimable parameters and deviance are given. 2Age represents 2 age classes. We present
the best-supported environmental indices: ONI(t—1): time-lagged (—1 yr) Oceanic Nifo index; NAO: North Atlantic Oscilla-
tion index. The 3 equally supported best models are highlighted by bold AAICc. Live re-encounter probability (p), dead
recovery probability (r) and fidelity (F) remain constant across models: p(3Ageyoung=imm=0): T(3Ageimm=0), F(.)

Model AIC: AAIC: Within-group AIC¢ Model No. of Deviance
AAICc weights likelihood parameters

Cl1  2Age + Trendpgu + ONI(f—1)young 2383.7  0.00 0.00 0.245 1.00 8 1772.72
B 2Age 23872  3.56 3.56 0.041 0.17 6 1780.34
Temporal trend models

T1  2Age + Trendaqu 2384.4  0.70 0.00 0.173 0.71 7 1775.45
T2  2Age + Trendysge 2385.1 1.38 0.68 0.123 0.50 7 1776.13
B 2Age 23872  3.56 2.86 0.041 0.17 6 1780.34
T3  2Age + Trendygng 2389.0 5.32 4.62 0.017 0.07 7 1780.07
Environmental variable models

E1  2Age + ONI(f—1)young 23859 2.19 0.00 0.082 0.33 7 1776.94
B 2Age 23872  3.56 1.37 0.041 0.17 6 1780.34
E2 2Age + NAOaqu 2388.3  4.58 2.39 0.025 0.10 7 1779.34
E3  2Age + ONI(t—1)aqui 2388.5 4.84 2.65 0.022 0.09 7 1779.59
E4 2Age + NAOyqung 2389.3  5.59 3.40 0.015 0.06 7 1780.34
E5 2Age + ONI(t—1) 2393.8 10.1 7.91 0.001 0.01 6 1786.92
E6 2Age + NAO 23979 14.2 12.01 0.001 0.01 6 1791.02

24 yr for adults, ranging from 0.16 = 0.15 to 0.87 +
0.51, and in 8 yr for young, ranging from 0.13 = 0.12 to
0.66 = 0.67 (the time-dependent model is not
included in Table 1 due to the high number of non-
estimable parameters).

Three models were well supported (AAIC: < 2;
Table 1, Models C1, T1 and T2). The highest-ranked
model (Model Cl1) indicated a combined negative
trend for adult annual survival and the influence of a
time-lagged effect of the ONI on young survival
(Table 1, see Table S1 for parameter estimates); it
should be noted that this model is nested. Evidence
for a negative trend in adult annual survival is further
supported by Model T1 (AAICc = 2.86 from Model B,
the basic model; Table 1, see Table S2 for parameter
estimates). We also found some support for a decreas-
ing trend for young birds (Table 1, see Table S3 for
parameter estimates). Based on Model T2, the adults'
survival showed a decline of 17% over 24 yr, with 0.93
+ 0.05 probability of survival in 1985 and 0.77 = 0.09
in 2008, whereas survival of the young decreased by
57%, from 0.60 = 0.19 in 1985 to 0.26 = 0.14 in 2008
(Fig. 3a,b). Adult survival estimates from Models C1
and T1 were comparable, within the error range of
Model T2 estimates.

Model support indicated that young survival could
be influenced in part by ONI from the preceding year.
El Nino events were related to an increase in apparent
survival while La Nifia events were related to a reduc-

tion (Fig. 3c, Table 1). When testing for the effect of
time-lagged ONI on young in isolation (Model E1; see
Table S4 for parameter estimates), the model was only
weakly supported, suggesting a coupled interaction
with a temporal trend. The model that included tem-
poral trends for both age classes and ONI carry-over
effect on young survival included several non-esti-
mable parameters and was not supported. No models
including the NAO index as a covariate during the
breeding season were supported (Table 1; Group E).
The live-only CJS model corroborated results from
the joint Burnham model, firstly with a similar pattern
in apparent survival in the basic model. The highest-
ranked model was similar: a trend in adult survival
and time-lagged ONI effect on young (Tables S5 &
S6). Model ranking was equivalent when using a
AAIC: of <2 to indicate equal support (Table S5).
Given the limited number of live young in the CJS
model, we focus on results from the Burnham model.

4. DISCUSSION

Survival rates and productivity are important par-
ameters in population dynamics and, in long-lived
species, survival probability is the greatest contribu-
ting factor (Lebreton & Clobert 1991). The numerous
ecological factors that act upon survival rates and the
tendency for survival to be buffered against environ-
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Adult survival by year [model T2]

Young survival by year [model T2]

Young survival by ONI(t—1) [model E1]
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Fig. 3. Best-supported models describing variation in survival probabilities for (a) adult and (b,c) young Arctic skuas. Plots

represent the back-transformed (logit link function) derived linear trend with (a,b) year (Table 1 [Model T2]; Table S3) and

(c) the time-lagged oceanic Nifo index, ONI(t—1) (Table 1 [Model E1]; Table S4), with 95% confidence intervals (dotted

lines). Solid lines: strongly supported models; dashed lines: weakly supported models (i.e. there is equal support for no trend:
Table 1 [Model T1])

mental stochasticity in long-lived species complicate
the determination of driving factors. However, sur-
vival rates of seabirds are known to be affected by cli-
matic events, and increased variation in environ-
mental conditions leads to increased variation in vital
rates (Morris et al. 2011). In our study of Arctic skuas
breeding on the Faroe Islands, a declining trend in the
survival of adult birds with a possible decline in sur-
vival of young birds (first year) coupled with a time-
lagged or carry-over effect of ENSO best explained
the variation in the data. These findings may in part
explain the notable decline of the Arctic skua popula-
tion in the Faroe Islands in recent times and should be
considered for other seabird species experiencing
similar declines.

As K-selected species, many seabirds share the life
history trait of high annual survival for adults (Szos-
tek & Becker 2015). Overall high survival probabil-
ities of this age class are commensurate with reported
values and are expected for Arctic skuas (O'Donald
1983, Phillips 2001, Davis et al. 2005, van Bemmelen
et al. 2021). We found strong support for a negative
trend over the 24 yr study period. Annual survival of
adults is important for maintaining a stable popula-
tion, and a decrease of 17% in survival probability in
this timeframe is certainly biologically significant to
population persistence (van Bemmelen et al. 2021).
Due to their demographic strategy, such a significant
decline in adult survival is both unusual and alarm-
ing. In general, in long-lived vertebrates, the rate of
population growth is most sensitive to adult survival.
The number of Arctic skuas breeding in the Faroe
Islands has decreased substantially during our study

period (Santos 2018), and the negative trend in adult
survival observed in our study might explain this
decline. While the cause of increased mortality in this
population has yet to be determined, the potential
impact on the viability of this population is concern-
ing. In adults, we found no support for the influence
of large-scale oceanic indices on their survival,
neither during the breeding season nor the non-
breeding period. This may be due to the masking of
any effect by the strong downward trend, or be due to
an environmental variable trending over the dur-
ation of the study period (such as air/sea surface
temperature) as it would be difficult to resolve
drivers of the decline over collinearity (Grosbois et
al. 2008), or limitations in the data. As such, explo-
ration of this pattern demands further investigation,
aided in part by our improved understanding of the
spatial ecology of this population and species. The
closest neighbouring population, in the UK, is also
suffering heavy population declines (Jones et al.
2008, Perkins et al. 2018). Here, studies aimed at
understanding these population declines have fo-
cussed mainly on explaining population dynamics
by the variation in reproductive success (Perkins et
al. 2018) but have left open the possibility that popu-
lation declines were (also) driven by reduced sur-
vival rates due to factors outside the breeding period.
Furthermore, Perkins et al. (2018) demonstrated that
low breeding success affects the stability of the
population. The breeding success of Arctic skuas in
the Faroe Islands has received no formal analysis
to date, but sharp population declines would be
expected during our study period if productivity also
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declined, together with the decreases in adult sur-
vival observed in our study.

ENSO has been linked with survival in various sea-
bird species (Boersma 1998, England 2000, Champag-
non et al. 2018). These studies, however, only as-
sessed chick survival from birth to fledging. In the
Kiritimi Island black noddy Anous minutos popula-
tions, no nestlings survived during an El Nifo year,
when heavy rains flooded the nests, and in the Gala-
pagos archipelago, reduced chick size and survival
was reported in 3 species during an El Nino year (Jak-
sic & Farifia 2010). While we found no direct effect of
ENSO on adult survival, we did find some support for
an influence of ENSO conditions (ONI) from the pre-
vious year on first-year survival (specifically in the
period from ringing until the following breeding sea-
son). One explanation is a possible carry-over effect
observed on young birds that might be a conse-
quence of the quality of their parents' non-breeding
environment. Alternatively, a time-lagged response
may be attributed to downstream ecological cas-
cades. A time-lagged effect is commonly reported in
relation to life cycles of prey species as the influence
of the environment is propagated up the food chain
(Stenseth et al. 2002). As such, the effect of conditions
during the previous year may indicate that survival of
young skuas is governed by food availability. Szostek
& Becker (2015) found such a correlation between pri-
mary productivity during winter with recruitment in
the following breeding season in common terns
Sterna hirundo. Primary productivity can be used as a
proxy for food availability (Lindeman 1942), and this
suggests that food availability during the non-breed-
ing period is limiting survival and recruitment suc-
cess in common terns. Given that ENSO has effects
on primary productivity, ENSO would be expected to
correlate with species vital rates, as indicated in our
study. Potentially, in Arctic skuas, as in the case of
common terns, the quality of the environment during
the non-breeding period for adult birds, expressed by
food availability, will be reflected in the quality of
their young and their ability to complete their first
year. There is likely to be a disparity between the
impact of South Atlantic conditions on locally breed-
ing populations and migratory birds from thousands
of kilometres away. Alternatively, the time-lagged
influence of ONI may result from the direct interac-
tion of a delayed effect of environmental processes in
the Atlantic from ENSO phenomena originating in
the Pacific; specifically, increased wind associated
with El Nifio events in the previous year around im-
portant upwellings where skuas are known to winter
(Iberian and Benguela currents), and increased pri-

mary production may lead to more profitable forag-
ing (Oviatt et al. 2015, Kim et al. 2023). Although our
model support for an effect of the wintering environ-
ment was not strong, we did find some support for a
downward trend in survival probability in young over
time (the model including constant survival proba-
bility was equally supported with the temporal trend).
The coupled interaction of the stochastic ENSO
events masking the trend over time may explain the
limited model support. However, the magnitude of
the decline is substantial (57%); as such, the poten-
tial biological significance of lowered recruitment
cannot be ignored over and above a potential interac-
tion with ONI and/or the temporal occurrence of
ringing data (see below). In terms of quantifying
higher-level processes, we acknowledge that while
the trend is indicated, the magnitude of the effect is
uncertain (i.e. large confidence intervals around the
estimate). For such vulnerable populations, employ-
ing alternative analysis, such as integrated popula-
tion models, may improve the robustness of estimates
(Schaub & Abadi 2011).

We found no evidence for effects of the NAO on the
survival of either adults or young. This suggests the
lack of a strong influence of oceanic conditions on the
survival of both young and adults during the breeding
season. One explanation is that all skuas, regardless
of age, spend the majority of their annual cycle in the
wintering grounds rather than the breeding region in
the North Atlantic (Hurrell et al. 2001, Stenseth et al.
2003) and so have more limited exposure to the effects
of the NAO. Furthermore, the summer season is char-
acterised by clement weather and abundant resources,
which is likely to buffer the influence of oceanic pro-
cesses; in addition, the influence of the NAO is
regionally specific, and in our area the magnitude
and direction of the effect on fish abundance, and
hence prey availability, is variable (Drinkwater et al.
2003, Overland et al. 2010, Baez et al. 2021). It is likely
that the environmental conditions during the breeding
season (and the influence of the NAO) have greater
effects on breeding success than on survival (Thomp-
son & Ollason 2001, Frederiksen et al. 2004, 2007).

Although we made attempts to use the best avail-
able data set to cover the range of stochastic environ-
mental conditions (in particular, intense El Nifio and
La Nina events), and this modelling approach takes
into account a lack of data in the estimates, the struc-
ture of the ringing and re-encounter data precluded a
fully time-dependent model (year-by-year probability
estimates) for all years of the study period. This limits
our ability to detect an effect of the linear covariates
and influences how the results are interpreted. We
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conservatively state that the absence of an effect of
the environment, consistent with the demographic
buffering hypothesis (Hilde et al. 2020), cannot be
ruled out. Although we found a signal of an effect of
time-lagged ONI on the survival of young birds, AIC:
support was not definitive; furthermore, this alone does
not indicate the environmental or ecological mechan-
isms potentially involved in driving this relationship.

Not all variation in survival could be attributed to
the variables tested in this study. This may be
explained by the complex interactions and regionally
specific effects of stochastic oceanic events, or the
inability of these fundamental models to fully capture
nuanced ecological processes (including variation in
other sources of mortality such as predation, hunting
etc.). A better understanding of direct, carry-over,
time-lagged effects of the climatic event or time-
lagged trophic propagation is needed to describe the
mechanistic processes at play. An exciting knowl-
edge gap, yet to be explored due to the current lack of
technology, is an understanding of the movements of
young and immature birds in comparison to the non-
breeding movements of adults. Furthermore, popula-
tion changes can be investigated with an approach
from breeding ecology, which is outside the scope of
this survival study. Future studies should include the
analysis of the contribution of other demographic
parameters as a function of climate variables to help
understand how climate influences survival from
hatching until the chicks fledge.

5. CONCLUSIONS

From a conservation perspective, studying popula-
tion dynamics and understanding the underlying pro-
cess is important for targeting effective conservation
measures. The declining trend in annual survival of
adult birds observed in our study is an important
component in understanding population declines
in the Faroe Islands. Additionally, the time-lagged
effect of ENSO on survival of young birds can inform
predictions of population trends—especially those
caused by climate change effects and the prediction
of an increase of ENSO events, despite our incom-
plete understanding of the complex interactions of
ENSO environmental and ecological processes on
survival rates. We highlight the importance of con-
tinuing ringing efforts and longitudinal monitoring
programmes, particularly in light of acute conserva-
tion threats such as hunting (Faroe Islands Law Data-
base 1954) and highly pathogenic strains of avian in-
fluenza (Banyard et al. 2022).

Acknowledgements. K.S., K.T. and [.LA.M.S. were supported
by the Danish Council for Independent Research, which
funded the MATCH project (1323-00048B) and the Danish
National Research Foundation-supported Center for Macro-
ecology, Evolution and Climate (DNRF96). K.S. was sup-
ported by a Marie Sklodowska-Curie Fellowship (892006
TesSEH) and the Deutsche Forschungsgemeinschaft (DFG,
German Research Foundation) under Germany's Excellence
Strategy — EXC 2117 —422037984. R.v.B. was funded by the
Netherlands Organisation for Scientific Research (project
number 866.13.005). Ringing data is courtesy of the Danish
Bird Ringing Centre at the Natural History Museum of Den-
mark, University of Copenhagen. We are indebted to Willy
Mardel for his long-term ringing efforts and his help resolv-
ing any data uncertainties in archival records. We gratefully
acknowledge the support of the Faroes Museum of Natural
History as well as Leivu Janus Hansen, Sjurdour Hammer, Jén
Aldara and Anthony Wetherhill for their substantial involve-
ment in the GLS tracking project fieldwork. We kindly
acknowledge the landowners on Fugloy for permission to
work on their property. Catching and deploying geolocators
was approved in the Faroe Islands by the Copenhagen Bird
Ringing Centre and The National Museum of the Faroe
Islands. A pre-print of this work is available at https://www.
biorxiv.org/content/10.1101/2023.11.10.566398v1. We kindly
thank the anonymous reviewers for their comments which
greatly improved the manuscript.

LITERATURE CITED

Akaike H (1973) Information theory and an extension of the
maximum likelihood principle. In: Petrov BN, Csaki F (eds)
Proceedings of the 2nd International Symposium on In-
formation theory. Akademiai Kiado, Budapest, p 267—281

A'Béaez JC, Gimeno L, Real R (2021) North Atlantic Oscillation

and fisheries management during global climate change.
Rev Fish Biol Fish 31:319—336

Bakken V, Boertmann D, Mosbech A, Olsen B, Petersen A,
Stregm H, Goodwin H (2006) Nordic seabird colony data-
bases: results of a Nordic project on seabird breeding col-
onies in Faroes, Greenland, Iceland, Jan Mayen and Sval-
bard. Nordic Council of Ministers, Copenhagen

‘\,g Ballerini T, Tavecchia G, Pezzo F, Jenouvrier S, Olmastroni S

(2015) Predicting responses of the Adélie penguin popu-
lation of Edmonson Point to future sea ice changes in the
Ross Sea. Front Ecol Evol 3:8

*’{ Banyard AC, Lean FZ, Robinson C, Howie F and others

(2022) Detection of highly pathogenic avian influenza
virus H5N1 clade 2.3.4.4b in great skuas: a species of con-
servation concern in Great Britain. Viruses 14:212

]\'{ Barbraud C, Weimerskirch H (2003) Climate and density

shape population dynamics of a marine top predator.
Proc R Soc B 270:2111-2116

Bengtson SA, Bloch D (2003) The Arctic skua Stercora-
rius parasiticus on the Faeroe Islands: abundance and
plumage polymorphism. Dansk Orn Foren Tidskr 97
210—-220

] BirdLife International (2018) Stercorarius parasiticus. The

IUCN Red List of Threatened Species 2018: €.T22694245
A132535550. https://dx.doi.org/10.2305/IUCN.UK.2018-
2.RLTS.T22694245A132535550.en

] BirdLife International and Handbook of the Birds of the World

(2016) Bird species distribution maps of the world, version
6.0. http://datazone.birdlife.org/species/requestdis


https://doi.org/10.1007/s11160-021-09645-z
https://doi.org/10.3389/fevo.2015.00008
https://doi.org/10.3390/v14020212
http://datazone.birdlife.org/species/requestdis
https://dx.doi.org/10.2305/IUCN.UK.2018-2.RLTS.T22694245A132535550.en
https://doi.org/10.1098/rspb.2003.2488

102

Mar Ecol Prog Ser 754: 93—103, 2025

#Boano G, Brichetti P, Foschi U (2010) 'La Nifia'-driven Atlan-
tic storms affect winter survival of Mediterranean Cory's
., shearwaters. Ital J Zool 77:460—468
A Boersma PD (1998) Population trends of the Galapagos pen-
guin: impacts of El Nifio and La Nifa. Condor 100:245—253
Burfield I, van Bommel F (2004) Birds in Europe: population
estimates, trends and conservation status. Birdlife Inter-
national, Cambridge
Burnell D, Perkins AJ, Newton SF, Bolton M, Tierney TD,
Dunn TE (2023) Seabirds count: a census of breeding sea-
birds in Britain and Ireland (2015—2021). Lynx Nature
Books, Barcelona
Burnham KP (1993) A theory for combined analysis of ring
recovery and recapture data. In: Lebreton JD, North PM
(eds) Marked individuals in the study of bird population.
Birkhauser Verlag, Basel, p 199—213
] Champagnon J, Lebreton JD, Drummond H, Anderson DJ
(2018) Pacific Decadal and El Nino Oscillations shape
survival of a seabird. Ecology 99:1063—1072
] Davis SE, Nager RG, Furness RW (2005) Food availability
affects adult survival as well as breeding success of para-
. sitic jaegers. Ecology 86:1047—1056
A Descamps S, Yoccoz NG, Gaillard JM, Gilchrist HG and
others (2010) Detecting population heterogeneity in
effects of North Atlantic Oscillations on seabird body
condition: get into the rhythm. Oikos 119:1526—1536
] Dias MP, Martin R, Pearmain EJ, Burfield IJ and others
(2019) Threats to seabirds: a global assessment. Biol Con-
serv 237:525—537
Drinkwater KF, Belgrano A, Borja A, Conversi A and others
(2003) The response of marine ecosystems to climate
variability associated with the North Atlantic Oscillation.
Geophys Monogr 134:211—-234
England MC (2000) A review of bird responses to El
Nifio—Southern Oscillation conditions in the Neotropics.
Cotinga 13:83—88
] Faroe Islands Law Database (1954) Lagtingslog no. 27. https://
logir.fo/Logtingslog/27-fra-09-09-1954-um-fuglaveidu-
vm-sum-seinast-broytt-vid-logtingslog-nr-34-fra
] Fife DT, Davis SE, Robertson GJ, Gilchrist HG, Stenhouse 1J,
Shutler D, Mallory ML (2018) Correlating tropical cli-
mate with survival of an Arctic-breeding, trans-equator-
ial migrant seabird. Arct Sci 4:656—668
] Flack A, Aikens EO, Kolzsch A, Nourani E and others (2022)
New frontiers in bird migration research. Curr Biol 32:
., RI187-R1199
A Fosaa AM, Sykes MT, Lawesson JE, Gaard M (2004) Poten-
tial effects of climate change on plant species in the
Faroe Islands. Glob Ecol Biogeogr 13:427—437
] Franco BC, Defeo O, Piola AR, Barreiro M and others (2020)
Climate change impacts on the atmospheric circulation,
ocean, and fisheries in the southwest South Atlantic
Ocean: a review. Clim Change 162:2359—2377
] Frederiksen M, Harris MP, Daunt F, Rothery P, Wanless S
(2004) Scale-dependent climate signals drive breeding
phenology of three seabird species. Glob Change Biol 10:
o 1214-1221
A Frederiksen M, Furness RW, Wanless S (2007) Regional vari-
ation in the role of bottom-up and top-down processes in
controlling sandeel abundance in the North Sea. Mar
Ecol Prog Ser 337:279—286
] Frederiksen M, Daunt F, Harris MP, Wanless S (2008) The
demographic impact of extreme events: stochastic
weather drives survival and population dynamics in a
long-lived seabird. J Anim Ecol 77:1020—1029

_Furness RW (1987) The skuas. T & AD Poyser, London
] Genovart M, Sanz-Aguilar A, Fernandez-Chacon A, Igual
JM, Pradel R, Forero MG, Oro D (2013) Contrasting
effects of climatic variability on the demography of a
trans-equatorial migratory seabird. J Anim Ecol 82:
. 121-130
A Gimenez O, Lebreton J, Choquet R, Pradel R (2018) R2ucare:
an R package to perform goodness-of-fit tests for cap-
ture—recapture models. Methods Ecol Evol 9:1749—1754
] Grosbois V, Gimenez O, Gaillard JM, Pradel R and others
(2008) Assessing the impact of climate variation on sur-
vival in vertebrate populations. Biol Rev Camb Philos Soc
83:357—399
Hammer S, Madsen JJ, Jensen JK, Pedersen KT, Bloch D,
Thorup K (2014) Feergsk Traekfugleatlas: the Faroese bird
migration atlas. Frédskapur, Torshavn
] Harrison XA, Blount JD, Inger R, Norris DR, Bearhop S
(2011) Carry-over effects as drivers of fitness differences
., inanimals. J Anim Ecol 80:4—18
M Hilde CH, Gamelon M, Saether BE, Gaillard JM, Yoccoz
NG, Pelabon C (2020) The demographic buffering hy-
pothesis: evidence and challenges. Trends Ecol Evol
. 35:523-538
A Humphries GRW, Moller H (2017) Fortune telling seabirds:
sooty shearwaters (Puffinus griseus) predict shifts in
., Pacific climate. Mar Biol 164:150
A Hurrell JW, Kushnir Y, Visbeck M (2001) The North Atlantic
., Oscillation. Science 291:603—605
A Irons DB, Anker-Nilssen T, Gaston AJ, Byrd GV and others
(2008) Fluctuations in circumpolar seabird populations
linked to climate oscillations. Glob Change Biol 14:
1455—1463
Jaksic F, Farifia J (2010) El Nifio and the birds: a resource-
based interpretation of climatic forcing in the southeast-
ern Pacific. An Inst Patagon 38:121—140
] Johannesson T, Jonsson T, Kéllén E, Kaas E (1995) Climate
change scenarios for the Nordic countries. Clim Res 5:
. 181-195
A Jones T, Smith C, Williams E, Ramsay A (2008) Breeding per-
formance and diet of great skuas Stercorarius skua and
parasitic jaegers (Arctic Skuas) S. parasiticus on the west
coast of Scotland. Bird Study 55:257—266
] Kim D, Lee SK, Lopez H, Foltz GR, Wen C, West R, Dunion J
(2023) Increase in Cape Verde hurricanes during Atlantic
., Nino. Nat Commun 14:3704
A Kubelka V, Sandercock BK, Székely T, Freckleton RP (2022)
Animal migration to northern latitudes: environmental
changes and increasing threats. Trends Ecol Evol 37:
30—41
Kuletz K, Mallory M, Gilchrist G, Robertson G and others
(2017) Seabirds. In: Secretariat AC (ed) State of the Arctic
Marine Biodiversity Report. Conservation of Arctic Flora
and Fauna, Akureyri
Lebreton JD, Clobert J (1991) Bird population dynamics,
management, and conservation: the role of mathemat-
ical modelling. In: Perrins CM, Lebreton JD, Hirons
GJM (eds) Bird population studies: relevance to con-
servation and management. Oxford Academic, Oxford,
p 105—125
] Lebreton JD, Burnham KP, Clobert J, Anderson DR (1992)
Modeling survival and testing biological hypotheses
using marked animals: a unified approach with case
studies. Ecol Monogr 62:67—118
] Lindeman RL (1942) The trophic—dynamic aspect of ecol-
ogy. Ecology 23:399—417


https://doi.org/10.1080/11250000903469017
https://doi.org/10.2307/1370265
https://doi.org/10.1002/ecy.2179
https://doi.org/10.1890/04-0989
https://doi.org/10.1111/j.1600-0706.2010.18508.x
https://doi.org/10.1016/j.biocon.2019.06.033
https://logir.fo/Logtingslog/27-fra-09-09-1954-um-fuglaveidu-vm-sum-seinast-broytt-vid-logtingslog-nr-34-fra
https://doi.org/10.1139/as-2017-0018
https://doi.org/10.1016/j.cub.2022.08.028
https://doi.org/10.1111/j.1466-822X.2004.00113.x
https://doi.org/10.1007/s10584-020-02783-6
https://doi.org/10.1111/j.1529-8817.2003.00794.x
https://doi.org/10.3354/meps337279
https://doi.org/10.1111/j.1365-2656.2008.01422.x
https://doi.org/10.2307/1930126
https://doi.org/10.2307/2937171
https://doi.org/10.1016/j.tree.2021.08.010
https://doi.org/10.1038/s41467-023-39467-5
https://doi.org/10.1080/00063650809461531
https://doi.org/10.3354/cr005185
https://doi.org/10.1111/j.1365-2486.2008.01581.x
https://doi.org/10.1126/science.1058761
https://doi.org/10.1007/s00227-017-3182-1
https://doi.org/10.1016/j.tree.2020.02.004
https://doi.org/10.1111/j.1365-2656.2010.01740.x
https://doi.org/10.1111/j.1469-185X.2008.00047.x
https://doi.org/10.1111/2041-210X.13014
https://doi.org/10.1111/j.1365-2656.2012.02015.x

Snell et al.: Oceanic conditions influence survival

103

#Lisovski S, Ramenofsky M, Wingfield JC (2017) Defining the
degree of seasonality and its significance for future
research. Integr Comp Biol 57:934—942

] Meier RE, Votier SC, Wynn RB, Guilford T and others (2017)
Tracking, feather moult and stable isotopes reveal forag-
ing behaviour of a critically endangered seabird during
the non-breeding season. Divers Distrib 23:130—145

] Morris WF, Altmann J, Brockman DK, Cords M and others
(2011) Low demographic variability in wild primate
populations: fitness impacts of variation, covariation, and

. serial correlation in vital rates. Am Nat 177:E14—E28

HNOAA (2018a) Cold and warm episodes by season. Cli-
mate Prediction Center. https://origin.cpc.ncep.noaa.
gov/products/analysis_monitoring/ensostuff/ONI_vJ.
php (accessed 1 Sep 2018)

] NOAA (2018b) North Atlantic Oscillation (NAO). National
Centers for Environmental Information. https://www.
ncei.noaa.gov/access/monitoring/nao/ (accessed 1 June
2018)

]\( Nourani E, Safi K, de Grissac S, Anderson DJ and others
(2023) Seabird morphology determines operational wind
speeds, tolerable maxima, and responses to extremes.
Curr Biol 33:1179—1184.e3

O'Donald P (1983) The Arctic skua: a study of the ecology
and evolution of a seabird. Cambridge University Press,
Cambridge

] Overland JE, Alheit J, Bakun A, Hurrell JW, Mackas DL,
Miller AJ (2010) Climate controls on marine ecosystems
and fish populations. J Mar Syst 79:305—315

] Oviatt C, Smith L, McManus M, Hyde K (2015) Decadal pat-
terns of westerly winds, temperatures, ocean gyre circu-
lations and fish abundance: a review. Climate (Basel) 3:

. 833857

N Paiva VH, Pereira J, Ceia FR, Ramos JA (2017) Environ-
mentally driven sexual segregation in a marine top pred-
ator. Sci Rep 7:2590

] Paleczny M, Hammill E, Karpouzi V, Pauly D (2015) Popula-
tion trend of the world's monitored seabirds, 1950—2010.

. PLOS ONE 10:e0129342

N Perkins A, Ratcliffe N, Suddaby D, Ribbands B and others
(2018) Combined bottom-up and top-down pressures
drive catastrophic population declines of Arctic skuas in
Scotland. J Anim Ecol 87:1573—1586

Phillips RA (2001) Stercorarius parasiticus Arctic skua. BWP
Update 3:25—41

Polis GA, Hurd SD, Jackson CT, Pifiero FS (1997) El
Nifio effects on the dynamics and control of an is-

Editorial responsibility: Kyle Elliott,
Sainte-Anne-de-Bellevue, Québec

Reviewed by: A. Perkins, S. Muzaffar and 1 anonymous referee

Submitted: January 22, 2024; Accepted: December 16, 2024

Proofs received from author(s): January 10, 2025

land ecosystem in the Gulf of California. Ecology 78:
.~ 1884—1897
A Salas EAL, Seamster VA, Boykin KG, Harings NM, Dixon
KW (2017) Modeling the impacts of climate change on
Species of Concern (birds) in South Central US based
on bioclimatic variables. AIMS Environ Sci 4:358—385
Santos IAM (2018) Survival and breeding success of the
declining Arctic skua population of the Faroe Islands.
MSc thesis, University of Copenhagen
] Schaub M, Abadi F (2011) Integrated population models: a
novel analysis framework for deeper insights into popula-
tion dynamics. J Ornithol 152:227—237
Silva T, Gislason A, Licandro P, Marteinsdottir G, Astthors-
son OS (2013) Environment induced changes in krill
abundance in the North Atlantic Ocean. ICES CM
., 2013/B:82
A Stenseth NC, Mysterud A, Ottersen G, Hurrell JW, Chan KS,
Lima M (2002) Ecological effects of climate fluctuations.
., Science 297:1292—1296
A Stenseth NC, Ottersen G, Hurrell JW, Mysterud A and
others (2003) Studying climate effects on ecology
through the use of climate indices: the North Atlantic
Oscillation, El Nifio Southern Oscillation and beyond.
., Proc R Soc B 270:2087—2096
N Szostek KL, Becker PH (2015) Survival and local recruitment
are driven by environmental carry-over effects from the
wintering area in a migratory seabird. Oecologia 178:
., 643-657
A Thompson PM, Ollason JC (2001) Lagged effects of ocean
climate change on fulmar population dynamics. Nature
o 413:417-420
]"Van Bemmelen RSA, Schekkerman H, Hin V, Pot MT and
others (2021) Heavy decline of the largest European Arc-
tic skua Stercorarius parasiticus colony: interacting ef-
fects of food shortage and predation. Bird Study 68:
. 88-99
M van Bemmelen RSA, Moe B, Schekkerman H, Hansen SA
and others (2024) Synchronous timing of return to breed-
ing sites in a long-distance migratory seabird with ocean-
scale variation in migration schedules. Mov Ecol 12:22
] ‘Waugh SM, Barbraud C, Adams L, Freeman AND and others
(2015) Modeling the demography and population dy-
namics of a subtropical seabird, and the influence of envi-
., ronmental factors. Condor 117:147—164
A White GC, Burnham KP (1999) Program MARK: survival
estimation from populations of marked animals. Bird
Study 46:5120—S139

This article is Open Access under the Creative Commons by
Attribution (CC-BY) 4.0 License, https://creativecommons.org/
licenses/by/4.0/deed.en. Use, distribution and reproduction
are unrestricted provided the authors and original publication
are credited, and indicate if changes were made


https://doi.org/10.1093/icb/icx040
https://doi.org/10.1111/ddi.12509
https://doi.org/10.1086/657443
https://origin.cpc.ncep.noaa.gov/products/analysis_monitoring/ensostuff/ONI_v5.php
https://www.ncei.noaa.gov/access/monitoring/nao/
https://doi.org/10.1016/j.cub.2023.01.068
https://doi.org/10.1016/j.jmarsys.2008.12.009
https://doi.org/10.3390/cli3040833
https://doi.org/10.1038/s41598-017-02854-2
https://doi.org/10.1371/journal.pone.0129342
https://doi.org/10.1080/00063659909477239
https://doi.org/10.1650/CONDOR-14-141.1
https://doi.org/10.1186/s40462-024-00459-9
https://doi.org/10.1080/00063657.2021.1969334
https://doi.org/10.1038/35096558
https://doi.org/10.1007/s00442-015-3298-2
https://doi.org/10.1098/rspb.2003.2415
https://doi.org/10.1126/science.1071281
https://doi.org/10.1007/s10336-010-0632-7
https://doi.org/10.3934/environsci.2017.2.358
https://doi.org/10.1111/1365-2656.12890



