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Abstract Life-history traits of migratory seabirds are
influenced by changing conditions at breeding and winter-
ing grounds. Climatic conditions and predation are known
to impact populations’ survival rates, but few studies
examine their effect simultaneously. We used multievent
capture—recapture models to assess mortality due to envi-
ronmental conditions and predation in breeding European
storm petrels (Hydrobates pelagicus) in two allopatric
colonies (Mediterranean and Atlantic). Predatory mortal-
ity at the colonies showed annual variation, being around
0.05 in certain years. Mortality at sea differed between the
two oceanic basins, and was lower in the Mediterranean
colony [0.11, 95% CI (0.09, 0.14)] when compared to the
Atlantic colony [0.18, 95% CI (0.15, 0.22)]. The Western
Mediterranean Oscillation index (WeMOi) explained 57%
of the temporal variability in mortality of Mediterranean
breeders. In comparison, 43% of the temporal variability in
mortality of Atlantic breeders was explained by the winter
St Helena index (wHIX) and El Nifio-Southern Oscillation
index (WENSQO). Our results suggest that Mediterranean
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breeders remain in this basin for wintering where they may
face lower migratory costs and more favourable environ-
mental conditions. In contrast, Atlantic breeders’ mortality
may be due to higher cost of migration, changing upwelling
conditions in the Benguela current and heavy storms over
their migratory route during La Nifia events. This study
underlines the importance of modelling separately differ-
ent causes of mortality when testing the effects of climatic
covariates.

Keywords Capture—recapture - Climate - Multievent
Storm petrel - Survival

Introduction

There are critical moments during the annual cycle of ani-
mals in which their risk of mortality increases. Particularly,
long-distance migratory species can experience increased
mortality risks during migration (Klaassen et al. 2014; Lok
et al. 2015; Sanz-Aguilar et al. 2015a) or at wintering areas
when conditions are unfavourable (Schaub et al. 2005;
Sanz-Aguilar et al. 2012). Seabirds in temperate regions
typically perform medium to long-distance migrations
between wintering areas and breeding sites (Schreiber and
Burger 2001). Pelagic species are ideal bioindicators of the
marine environment, as they spend more than 90% of their
life at sea, only coming to land during the breeding season
(Furness and Camphuysen 1997). Unfavourable weather
conditions and lack of resources drive variation of survival
rates in seabirds, especially during periods of vulnerability
and high energy expenditure such as migration (Genovart
et al. 2013; Payo-Payo et al. 2016).

In long-lived species with low fecundity, adult survival
is the most critical parameter for population viability and
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usually displays low variability over time (Sather and
Bakke 2000; Gaillard and Yoccoz 2003; Oro 2014). As a
result, any additional mortality during breeding or winter-
ing seasons can severely impact population viability (Jones
et al. 2008; Schaub et al. 2010; Sanz-Aguilar et al. 2015b,
2016). For example, the introduction of alien carnivore spe-
cies at islands has contributed to rapid declines in seabird
populations (Martin et al. 2000; Jones et al. 2008; Le Corre
2008). Furthermore, in some areas, sympatric native avian
predators, such as raptors, seagulls or skuas prey on large
numbers of small seabirds, including storm petrels (Votier
et al. 2004; Oro et al. 2005).

In order to relate the probability of mortality to cor-
responding disturbance, a spatial scale partitioning is
required for the separation of breeding season (predation
risk) from the non-breeding season (climatic factors) (Oro
2014). Nevertheless, different factors operating in separate
spatio-temporal scales are rarely taken into account when
studying animal survival (Stenseth et al. 2002; Brook et al.
2008).

In this study, we modelled and tested the effects of win-
ter and migration environmental conditions and predation
at breeding colonies on the mortality probabilities of a
small pelagic seabird, the European storm petrel (Hydro-
bates pelagicus). The European storm petrel is the small-
est Palearctic seabird (medium wingspan of 36 cm and
average weight of 28 g; Cramp and Simmons 1977). The
two subspecies of H. pelagicus (Cagnon et al. 2004) are
H. p. pelagicus (Linnaeus 1758) (distributed along east-
ern Atlantic coast) and H. p. melitensis (Schembri 1843)
(which breeds in the Mediterranean basin). These birds
usually nest in rock crevices and under boulders on islands
free of mammalian predators (Del Hoyo et al. 1992). As
an evolutionary strategy, storm petrels at land are active
at night to avoid diurnal avian predators, such as seagulls
(Warham 1990). Atlantic storm petrels are transequatorial
migrants that leave their European colonies in autumn and
travel to the coast of south and southeast Africa (Fowler
2002; Fig. 1). The wintering grounds of the Mediterranean
populations remain unknown, but it is suspected that most
of the birds do not depart Mediterranean basin (Hashmi
and Fliege 1994; Soldatini et al. 2014).

Our first objective was to estimate and compare mortal-
ity probabilities due to predation and environmental con-
ditions out of the breeding season of storm petrels in two
allopatric breeding colonies, one located in the Atlantic
and the other in the Mediterranean basin (Fig. 1). Next,
we aimed to evaluate the effects of different environmental
covariates on mortality probabilities during migration and
wintering. We used multievent capture-recapture models
(Pradel 2005) to estimate mortality during breeding and
non-breeding seasons due to predation and migration to
wintering areas, respectively. This was performed using
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long-term individual capture-recapture data. As preda-
tion at breeding colonies exists and influences storm petrel
mortality (Sanz-Aguilar et al. 2009a), it must be considered
separately when testing the potential effects of climatic
conditions on mortality during non-breeding season (Geno-
vart et al. 2013; Lok et al. 2015). We tested the effects of
oceanographic and climatic conditions at sea by using cli-
matic indices as proxies of oceanic and atmospheric fluc-
tuations, which drive spatio-temporal differences in marine
biological productivity and serve as indicators of climate
variability (Genovart et al. 2013; Ramirez et al. 2016). Cli-
matic conditions may influence mortality of storm petrels
either directly (through weather signature) or indirectly
(through bottom-up control).

Materials and Methods
Data collection at breeding colonies

We used long-term individual data collected from two dif-
ferent monitoring programs: one colony of H. p. pelagicus
in the North-East Atlantic basin, located at the Enez Kreiz
islet of Moléne archipelago (48°21'N, 4°46'W, France), and
a colony of the Mediterranean subspecies H. p. melitensis,
located at the island of Benidorm (38°30'N, 0°08’E, Spain)
(Fig. 1). Both colonies were visited during the breeding
period every 1-3 weeks. Breeding individuals were caught
once per year on their nests, when incubating an egg or
rearing a chick, and marked with stainless steel rings with
a unique alpha-numeric code. In Benidorm both partners
were typically captured while at Enez Kreiz only one mem-
ber of the breeding pair was caught annually. A standard-
ized systematic search for recoveries of predated storm pet-
rels was implemented in 2001 at Enez Kreiz and in 2002
at Benidorm, following each visit to the studied colonies.
At Enez Kreiz, the main predator of storm petrels is the
great black-backed gull (Larus marinus, Linnaeus 1758)
followed by grey heron (Ardea cinerea, Linnaeus 1758)
(Cadiou 2001, 2013), while at Benidorm the main avian
predator is the yellow-legged gull (Larus michahellis, J. F.
Naumann 1840) (Oro et al. 2005). The rings of predated
storm petrels can be easily found in pellets around preda-
tors’ nests and in the storm petrel colonies (Sanz-Aguilar
et al. 2009a). For the purpose of this study, we used indi-
vidual encounter history data (both live recaptures and dead
recoveries) of breeding adults from 2002 to 2014 at Beni-
dorm Island and from 2001 to 2014 at Enez Kreiz Island.

Climatic covariates

Some studies have demonstrated that large-scale climatic
indices can perform better than local weather factors in
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Fig. 1 Location of the two
studied breeding colonies of
Atlantic and Mediterranean
storm petrels (stars) and recap-
tures/recoveries during winter
months (November to February)
of storm petrels ringed in the
Atlantic (n="76; black dots) and
in the Mediterranean (n=4,
white dots). Data was obtained
from EURING Data Bank (du
Feu et al. 2009)
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explaining impacts of oceanographic processes on demo-
graphic parameters of seabird populations (Rodriguez and
Bustamante 2003; Hallett et al. 2004). However, other
researchers argue that individual indices are too simple to
assess complex ecological processes in aquatic ecosystems
(Blenckner and Hillebrand 2002). Additionally, certain
global climatic indices can indirectly influence seabird vital
rates, primarily by bottom-up control (i.e., by food limita-
tion), directly affecting the spawning or recruitment of sea-
bird prey (Davis et al. 2005). Here we tested the effects of

seven different climatic indices on non-breeding survival:
winter (December to March) NAO, ENSO, MEI, SOI and
HIX and both winter (December to March) and annual (July
to June) WeMOi (see details below). The South Oscillation
Index (SOI, http://www.cpc.ncep.noaa.gov/data/indices/
soi) and the North Atlantic Oscillation Index (NAO, https://
climatedataguide.ucar.edu/climate-data/hurrell-north-
atlantic-oscillation-nao-index-station-based) were used
as proxies for large-scale patterns of atmospheric circula-
tion variability over the Atlantic and Mediterranean basin
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(Durant et al. 2004; Hurrell and Deser 2015). The NAO
is a major teleconnection index dominant throughout the
year in the Northern Hemisphere that exhibits more than
a third of total variance in sea level pressure during winter
(Cayan 1992; Hurrell et al. 2013). Positive values of NAO
depict warm weather conditions over North Atlantic and
dry conditions in the Mediterranean. Negative values show
the opposite pattern: colder winter in Northern Europe,
while the Mediterranean receives more precipitation (Hur-
rell 1995). The latter conditions are potentially connected
with higher density of prey items for seabirds (Ottersen
et al. 2001), including storm petrels (Hemery et al. 2008).
SOI represents the standardized anomalies in observed
sea level pressure differences between Tahiti and Darwin.
Although this index is specific for equatorial Pacific Ocean,
it has a global impact. For example, during La Nifia events
(the positive phase) there is more hurricane activity in the
Atlantic Ocean (Knutson et al. 2008; Latif and Grotzner
2000). ENSO (El Nifio-Southern Oscillation) is a proxy
for sea surface temperature (SST) and air pressure across
the equatorial Pacific Ocean (Philander 1990). To quantify
this index, we used a three month running period of Oce-
anic Nifio Index for winter months (DJF, JFM, FMA) from
NOAA database (http://www.cpc.ncep.noaa.gov/products/
analysis_monitoring/ensostuff/ensoyears.shtml). Multi-
variate Enso Index (MEI) exhibits the same phases like the
ENSO index, with opposite signature than SOI, meaning
that the negative values correspond to cold La Nifia con-
ditions and positive values to warm El Nifio conditions.
But unlike ENSO, MEI consists of six different variables:
sea level pressure, surface wind components, sea surface
temperature, surface air temperature and total cloudiness
(Wolter and Timlin 1993). The bimonthly values of win-
ter months for MEI were obtained from NOAA database
(http://www.esrl.noaa.gov/psd/enso/mei/table.html). Under
La Nifia conditions we would expect higher mortality of
storm petrels due to stronger Atlantic hurricane activity
during migration, as has been found for Cory’s shearwaters
(Calonectris borealis) (Ramos et al. 2012) and Scopoli’s
shearwaters (C. diomedea) (Boano et al. 2010; Genovart
et al. 2013).

Recaptures and recoveries of Atlantic European storm
petrels suggest that they may spend the winter off the
southwest coast of Africa (Fowler 2002) using the biologi-
cally productive Benguela upwelling system (southwestern
Africa) (Fig. 1). The signals of atmospheric elements car-
ried by trade winds to the island of St Helena in the south-
east Atlantic show the interannual fluctuations of SST in
this region, creating temporal coefficient index, proposed as
St Helena Island Climate Index (HIX) (Feistel et al. 2003).
Its negative values are indicators of abnormally warm epi-
sodes and suppressed Benguela upwelling, while positive
values show the opposite pattern (Hagen et al. 2005). Since
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upwelling brings the nutrient rich water to the surface and
favours increase in zooplankton biomass and abundance
(Cury et al. 2000), negative values of HIX may indicate
a depletion of food resources available for storm petrels.
Interannual changes in the Benguela upwelling region can
also be associated with strengthening of the south-east
trade wind components (Hagen et al. 2005), which can
imply stormy weather potentially affecting survival of the
species. HIX index values were obtained from the Baltic
Sea Research Institute database (http://www.io-warnem-
uende.de/en_hix-st-helena-island-climate-index.html).

Within the Mediterranean basin, where Mediterra-
nean storm petrels are suspected to remain the whole year,
we used the Western Mediterranean Oscillation Index
(WeMOi) as a proxy of heavy precipitation and river run-
off. It depicts difference of the standardised values in sur-
face atmospheric pressure in San Fernando (Spain) and
Padua (Italy) (Martin-Vide and Lopez-Bustins 2006).
WeMOi is positively correlated with fish landings in the
North Western Mediterranean (Barausse et al. 2011). Fur-
thermore, this index influences the strength of winds and
torrential rainfall (Martin-Vide and Lopez-Bustins 2006),
which could have direct impact on Mediterranean birds’
mortality. WeMOi signature is reversed between the West-
ern and the Eastern Mediterranean (Buri¢ et al. 2014).
Annual (July—June period) and winter WeMO index values
(December—March) were obtained from the database of
Climatology group of University of Barcelona (http://www.
ub.edu/gc/English/wemo.htm). All climatic covariates were
tested for inter-correlation after they were defined (Table 5,
Appendix 1).

Statistical analysis

Mortality due to predation during the breeding season
(m.=mortality at the colony) and mortality due to other
factors affecting petrels during the whole year (m =mor-
tality at sea) were modelled by means of multievent cap-
ture—recapture modelling (Pradel 2005). The first step in
the capture-recapture modelling was the assessment of
the goodness-of-fit (GOF) of the Jolly-Movement (JMV)
model using the program U-CARE 2.2.2. (Choquet et al.
2009a). Here we detected a significant trap-dependence
effect in both datasets and a transient effect for the birds
at Benidorm colony (Table 3, Appendix 1). Consequently,
we included these effects in all the models performed.
Two apparent age classes models in mortality were used to
account for transient effects (Pradel et al. 1997). Differen-
tial recapture probabilities for individuals captured and not
captured in the previous occasion were used to account for
trap-dependence (Pradel and Sanz-Aguilar 2012). A tran-
sient effect was also tested in the models for Enez Kreiz
colony (see Results). To account for the remaining lack
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of fit, model deviances were scaled using a variance infla-
tion parameter (¢), calculated as the y> over its degrees of
freedom. The values used were ¢ = 1.00 and ¢ = 1.77, for
Enez Kreiz and Benidorm colony, respectively (Table 3,
Appendix 1). Given that dispersal between the two colo-
nies has never been documented, mortality probabilities
of adult breeders at each colony were estimated using indi-
vidual capture-recapture data through two separate multi-
event capture—recapture analyses, implemented in program
E-SURGE (Choquet et al. 2009b).

We used a modelling approach that included five biolog-
ical states and three events (see details in Appendix 2). In
each capture/recapture occasion, the possible events were:
individual not captured (“0”); individual captured (“17);
individual recovered dead in the colony within a predator’s
pellet (“2”). The individual states considered were: indi-
vidual alive and captured at its nest in the current occasion
(AH); individual alive but not captured in the current occa-
sion (AS); individual recently dead by predation at the col-
ony (RDc); individual recently dead at sea (RDs); and long
dead bird (LD). The initial state in the models was always
AH (Vector 1).

AH AS RDc RDs

Inital state =

a0 0 o0 (Vector 1).

For the purpose of this study, transition between states was
modelled in a two-step approach: mortality (m. and mg: the
transition between alive and dead states that differentiate the
causes of mortality, Matrix 1) and recapture (p, the transition
between the captured and not captured states, Matrix 2).

AH AS RDc RDs LD

AH (1—-m.—mg O me  mg 0

AS | O 1—me—mg me mg 0

Mortality = RDc | 0 0 0 0 1

RDs | 0 0 0 0 1

LD \0 0 0 0 1

(Matrix 1)

AH AS RDc RDs LD
AH(p, 1-p, 0 O 0
Recapture = 5 g p. 1—p, 0

(Matrix 2)

RDs| O O

0
RDc|] O 0 1 O
1
LD|LO O 0

oS O
- o O O

In order to separate mortality causes, the multievent model
considered that probability of recovery for individuals dead
at the colony was one (i.e., all predated individuals were
detected, see event in Matrix 3 and details in Appendix 2).
This is a necessary assumption to make model parameters
identifiable, but this is not necessarily true (i.e., a small num-
ber of pellets may be lost in the sea, or removed by wind or

rain). Given this assumption and the observed annual vari-
ation in the number of rings recovered in predators’ pellets,
all the models included time dependent variation in mortality
probabilities due to predation at the colonies.

0o 1 2

AH[(O 1 O

Event = AS 1 0 0
RDc|O0 O 1 (Matrix 3)

RDs|1 O O

LD|{1 O O

Based on previous analysis of the data (Table 4, Appen-
dix 1) all models included parallel time dependent variation
(i.e., additive time effects) in recapture probabilities of indi-
viduals captured and not captured in the previous occasion
(i.e., trap-dependence), and additive transient effects (Sanz-
Aguilar et al. 2010).

First, we tested the potential differences in mortal-
ity between newly marked and resident birds (i.e., transient
effect; Pradel et al. 1997). Then we tested the effects of time
and environmental covariates in the probabilities of mortality
at sea. Model selection was based on the Akaike’s Informa-
tion Criterion adjusted for small sample size (c) and overd-
ispersion (Q), calculated as: QAIC, = D%W + 2np where Dev
1s model deviance, ¢ is variance inﬂationcfactor, and np is the
number of parameters in the model. Furthermore, for each
model i, the Akaike weights (w;) was calculated, as an index
of its relative plausibility (Burnham and Anderson 2002).

The effect of environmental covariates on mortality at sea
was tested by analysis of deviance (ANODEV) with a Fisher-
Snedecor distribution (Skalski et al. 1993), calculated as:

FQ@, np(M,) — np(MCOV))
_ Dev(M,,,) — Dev(M,,,)
"~ (Dev(M,,) — Dev(M,))/(np(M,) — np(M,,,))

where np is the number of estimable parameters of the
models, Dev is the deviance estimated for the constant
model (M), the model with environmental covariate
(M,,,) and the time-dependent model (M,). The proportion
of the temporal variance explained by environmental covar-
iate (R%) was calculated as:

_ Dev(M,,,) — Dev(M,,,)
Dev(M,,,) — Dev(M,)

2

Results
Model selection started with the general model that

included transient and time effects on mortality probabili-
ties at the colonies and at sea, and trap-dependence and
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time effects on recapture probabilities (Models 1, Table 1).
Simpler structures of recapture did not reduce QAIC,
value of Model 1 for both datasets (Table 4, Appendix 1),
so this recapture structure was used for modelling mortal-
ity. We first modelled mortality at the colony (Models 1-4,
Table 1). Models including a transient effect in mortality at
the colony due to predation were not supported (Table 1).

We continued model selection by testing the effects
of time and transient on mortality at sea (Models 5-6,
Table 1). For the Enez Kreiz colony a model with tran-
sient and no time effects for the mortality at sea, i.e.,
constant model (Model 5 EK, Table 1), was better sup-
ported than a temporal model (Model 2 EK, Table 1).
In contrast, for Benidorm colony a model with additive

Table 1 MOdd sele‘cFif)n Model m, my np Dev QAIC, AQAIC, w; R? F P
for mortality probabilities
(W) of European storm petrel 12EK ¢ a+wHIX+wENSO 31 2603.44 266743 0.00 0.56 043 747 0.02
i f’z"l’i’lféi“\g;lt"; o) Sgnl;‘“ez I3BK ¢  a+wHIX+wSOI 31 260639 267039 296 013 030 435 0.06
(EK) and Benidorm Island, 14EK ¢ a+wHIX + wMEI 31 2606.67 2670.66 3.23 0.11 029 4.12 0.07
Western Mediterranean (B) 11EK ¢ a+wHIX 30 2610.01 2671.88 445 0.06 0.15 1.96 0.19
I0EK ¢ a+wENSO 30 2610.74 2672.61 5.18 004 0.12 150 0.25
5EK r a 29 2613.60 267334 5091 0.03
9EK ¢ a+wMEI 30 2612.66 267453 7.10 0.02 004 045 0.52
8EK ¢ a+wSOI 30 2612.77 2674.64 7.21 0.02 003 040 0.54
6 EK 1t . 28 2617.47 2675.10 7.67 0.01
2EK t at+t 41 2589.83 267533 7.90 0.00
7EK t a+wNAO 30 2613.56 267543  8.00 0.0l 0.00 0.02 0.89
4EK . a+t 29 2616.40 2676.15 8.72 0.01
1EK a+r a+t 42 2588.96 2676.64 9.21 0.01
3EK a at+t 30 261640 267827 10.84 0.00
13B t a+ WeMOi 28 3535.67 205434 0.00 0.29 0.57 13.01 0.01
4B ¢t a+ WeMOi + wHIX 29 353322 2055.01 0.67 021 0.61 1398 0.01
18B ¢ a+WeMOi+wNAO 29 353392 205540 1.06 0.17 0.60 13.29 0.01
17B ¢ a+ WeMOi +wSOI 29 353556 2056.33  1.99 0.11 0.57 11.80 0.01
I5B ¢ a+WeMOi+wENSO 29 3535.66 2056.39 2.05 0.10 057 11.72 0.01
16 B t a+ WeMOi + wMEI 29 3535.66 205639  2.05 0.10 0.57 11.72 0.01
2Bt at+t 38 3510.83 2060.96 6.62 0.01
1B a+t a+t 39 3510.76 2062.99 8.65 0.00
11B t a+wHIX 28 3554.60 2065.03 10.69 0.00 0.23 3.05 0.11
12B t a+wWeMOi 28 3556.41 2066.05 11.71 0.00 0.20 254 0.14
10B t a+wENSO 28 3558.04 2066.98 12.64 0.00 0.17 2.10 0.18
9B t a+wMEIL 28 3559.22 2067.64 13.30 0.00 0.15 1.81 0.21
4B . a+t 27 3563.95 2068.26 13.92 0.00
8B t a+wSOI 28 3560.56 2068.40 14.06 0.00 0.13 1.49 0.25
3B a a+t 28 3563.75 2070.21 15.86 0.00
5B t a 27 3567.99 2070.54 16.20 0.00
7B t a+wNAO 28 3567.85 2072.52 18.18 0.00 0.00 0.02 0.89
6B ¢t 26 359450 2083.47 29.13 0.00

m, mortality at the colony due to predation, m, mortality at sea, np number of estimable parameters, Dev
relative deviance, QAIC,. Akaike’s information criterion adjusted for small sample size (c) and overdisper-
sion (Q), AQAIC, difference between current model and the model with the lowest QAIC,, w; Akaike’s
weights, R* proportion of variance explained by the covariate, F ANODEYV test values, P value of sta-
tistical significance. “wHIX” winter St.Helena Index, “wENSO” winter Oceanic Nifio 3.4 Index, “wMEI”’
winter Multivariate Enso Index, “wSOI”’ winter Southern Oscillation Index, “wNAQO” winter North Atlantic
Oscillation index, “WeMOi” annual Western Mediterranean Oscillation Index, “wWeMOi” winter Western

@

Mediterranean Oscillation Index, “#” time effect, “a” transient effect, “.” constant/no effects considered.
The model with the highest w; is in bold. The recapture probabilities for all the models took into account
time and trap dependence effects (Table 4, Appendix 1)
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Fig. 2 Annual estimates (and 0.16 colony
95% cqnﬁdence i.n.te.rvals) of 1 @ Enez Kreiz
mortality probabilities at the 014 i
colonies due to predation of 2 - Benidorm
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Table 2 Mean estimates of European storm petrel mortality at sea at
Enez Kreiz and Benidorm Island colonies, with 95% confidence inter-
vals (CI) and standard error (SE) estimated by multievent capture—
recapture modelling

Colony Apparent age classes  Mean  95% CI SE

Enez Kreiz ~ Newly marked 0.27 (0.20,0.35) 0.04
Residents 0.18 (0.15,0.22) 0.02

Benidorm Newly marked 0.23 (0.18,0.29) 0.03
Residents 0.11 (0.09,0.14) 0.01

The estimates were derived from Model 5 (Table 1)

time and transient effects for the mortality at sea, i.e.,
time-dependent model (Model 2B, Table 1), was better
supported than the constant model (Model 5B, Table 1).
Finally, we tested the effects of environmental covari-
ates (Models 7-18, Table 1). The best model for Beni-
dorm colony was the one with the effect of climatic index
WeMOi (Model 13 B, Table 1). The best model for Enez
Kreiz colony was the one with the combined effect of
the climatic index wHIX and the climatic index wENSO
(Model 12 EK, Table 1).

Estimates of mortality due to predation for both study
sites showed large variability between years, varying
between 0.00 and 0.06 at Enez Kreiz, and between 0.00
and 0.05 at Benidorm colony (Fig. 2). Mean estimates of
mortality at sea were slightly higher at Enez Kreiz colony
but confidence intervals greatly overlapped (Table 2).
Mortality probabilities of newly marked birds and resi-
dents were more similar at Enez Kreiz colony than at
Benidorm (Table 2), which is in agreement with the fail-
ure to detect a transient effect by GOF tests in this colony

045 T

040 T

030 T

025 T

Mortality

005 + d__---

0.00 - T T T T T T T T T T 1

-1.00 -0.90 -0.80 -0.70 -060 -050 -0.40 -0.30 -020 -0.10 0.00 0.10

WeMOi

Fig. 3 Annual variation in mortality probabilities at sea of resident
European storm petrels breeding at Benidorm Island in relation with
annual WeMOi values. Estimates (dots with 95% CI) were obtained
from the time dependent model (Model 2 B, Table 1) and the dot-
ted line represents the mortality estimates of the model including the
WeMOi covariate (Model 13 B, Table 1)

(Table 3, Appendix 1). The WeMOi covariate explained
57% of temporal variability in mortality at sea (not due to
predation) for Benidorm breeders (Model 13 B, Table 1).
Higher mortality was related with higher WeMOi val-
ues (Fig. 3). For Atlantic breeders, wHIX and wENSO
explained together only 43% of temporal variability in
mortality at sea (Model 12 EK, Table 1). Here, higher
mortality was related with lower wHIX and wENSO val-
ues (Figs. 4,5).
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Fig.4 Annual variation in mortality probabilities at sea of resident
European storm petrels breeding at Enez Kreiz Island in relation with
annual St. Helena index (WHIX) and winter ENSO index. Estimates
(dots with 95% CI) were obtained from the time dependent model
(Model 2 EK, Table 1) and the dotted line represents the mortality
estimates of the models including the covariates (Models 10-11 EK,
Table 1)

Discussion
Mortality at sea

Seabirds are potentially important indicators of marine envi-
ronmental variability at large spatio-temporal scales, owing
to their long life-expectancy and integration of oceanic
resources over wide areas (Ballerini et al. 2009; Genovart
et al. 2013; Oro 2014). Climate influences vital rates (sur-
vival and reproduction) of numerous seabird species breed-
ing all around the world (Jenouvrier 2013; Descamps et al.
2015). Migratory species face different environmental condi-
tions during the year at breeding areas, migration routes and
wintering quarters. During wintering and migration, individ-
uals from different distant populations can use similar areas
and be exposed to similar environmental conditions (Oro
2014). For example, the survival of Cory’s and Scopoli’s
shearwaters breeding in the Atlantic and the Mediterranean
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Mortality

Fig. 5 Predicted mortality probabilities at sea of resident Euro-
pean storm petrels breeding at Enez Kreiz Island in relation with
St. Helena index (wHIX) and winter ENSO index (Model 12 EK,
Table 1)

is similarly affected by shared wintering oceanographic con-
ditions, showing higher mortality during La Nifia events
(Jenouvrier et al. 2009; Ramos et al. 2012; Genovart et al.
2013). Similar results have been found for some terrestrial
bird species such as white storks (Ciconia ciconia) (Schaub
et al. 2005). Unfortunately, little is known about the Euro-
pean storm petrel’s migration routes and wintering areas.
Some birds ringed in Atlantic colonies have been recaptured
or recovered during winter along the African coast as far as
the Indian Ocean, especially in South Africa and Namibia
(Fowler 2002) (Fig. 1). On the other hand, the extent of
transequatorial migration and the spatial location of win-
tering areas of Mediterranean storm petrels remain largely
unknown (Hashmi and Fliege 1994). This complicates the
application of climatic indices in the right spatial scale when
modelling vital rates (van de Pol et al. 2013; Oro 2014).

Our results clearly indicate that the Atlantic and Mediterra-
nean subspecies were not affected by the same environmental
factors, and showed different annual mortality, thus indicating
the use of distinct migration routes and wintering quarters.
The higher mortality of storm petrels from Enez Kreiz could
be the result of a cost of longer migration to their wintering
quarters, i.e., more energy expenditure during their journey
to the south or south-eastern African waters, as it has been
found for other long-lived and long-distance migrants (Schaub
et al. 2005; Sanz-Aguilar et al. 2012). Moreover, our results
indicate that Atlantic petrels are affected by different ocean-
ographic conditions over their large migratory route, thus
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preventing association of their mortality to a single factor. Part
of the temporal variability of adult mortality of Atlantic breed-
ers was explained by wHIX and wENSO indices combined
(Fig. 5). The wHIX climatic index operates at Benguela area,
where some Atlantic birds have been detected during winter
(Fig. 1; Fowler 2002), and higher mortality occurred when the
Angola-Benguela upwelling was suppressed (Fig. 4; Hagen
et al. 2005). Besides this bottom-up control, governed by
supressed upwelling, mortality of Atlantic storm petrels was
also influenced by negative values of ENSO, during La Nifia
conditions, when waters of tropical Pacific are cooling down
and stronger hurricane season is expected in the eastern Atlan-
tic (Fig. 4; Boano et al. 2010). This relationship has been also
documented for other seabird species wintering in the Central
and South Atlantic such as Cory’s and Scopoli’s shearwaters
(Ramos et al. 2012; Genovart et al. 2013).

Mediterranean storm petrels probably remain in the basin
throughout the year, experiencing reduced costs of migration
compared with Atlantic migrants. Their mortality outside
the colony was positively correlated with the WeMO index.
The positive phase of WeMOi indicates favourable foraging
conditions and lower heavy rainfall events in North West-
ern Mediterranean (Martin-Vide and Lopez-Bustins 2006),
but WeMOi signature in North Eastern Mediterranean is the
opposite (Buri¢ et al. 2014). When conditions are favourable
in the western part of the basin, the movements of cyclones
from west to east may generate unfavourable environmen-
tal conditions in the eastern part (MiloSevi¢ et al. 2016).
Extreme weather events, such as storms and gales, are known
to cause direct mortality in the species (Warham 1990).
Since 57% of the temporal variation in mortality of Mediter-
ranean breeders was positively correlated with the climatic
covariate WeMOi, it seems reasonable that Benidorm storm
petrels might overwinter in the eastern Mediterranean. Nev-
ertheless, without fully knowing the migration routes of H.
p. melitensis it is difficult to select specific environmental
covariates as a proxy for local weather drivers when study-
ing mortality (van de Pol et al. 2013). Much work remains
to be done regarding the effects of WeMO index at different
spatial locations and on different components of food chains
(Criado-Aldeanueva and Soto-Navarro 2013).

Mortality at colonies, top—down processes

As it has been found for other seabirds, the main mortality
of storm petrels occurred at sea (Igual et al. 2009). How-
ever, mortality due to predation reached 5% in some years,
representing a locally important cause of mortality (Sanz-
Aguilar et al. 2009a). Adult mortality in some seabird spe-
cies is governed by predator-driven processes compared to
nutrient-driven control (Horswill et al. 2014, 2016). Unlike

larger seabird species, upon which predators mainly prey
on chicks and eggs (Igual et al. 2009), storm petrels are the
smallest and are highly susceptible to top—down control by
predation (Oro et al. 2005). Although newly marked indi-
viduals are potentially younger and less experienced (Sanz-
Aguilar et al. 2008), we did not find an effect of age since
marking (transience) on mortality probabilities by preda-
tion. This is probably because all the breeders have a similar
behaviour outside their breeding site—walking rapidly inside
their site after landing or flying rapidly at departure. Mortal-
ity due to predation showed a large annual variation, likely
reflecting different temporal and spatial predation pressures.
This could be explained by three nonexclusive hypotheses.
First, predators may opportunistically prey on storm petrels
when there is a depletion in their other food sources (Oro and
Martinez-Vilalta 1994). Secondly, number of predators may
change (Votier et al. 2004). Thirdly, predators may special-
ize and improve their hunting efficiency (Sanz-Aguilar et al.
2009a). It has already been shown that an increase in number
of breeding aerial predators, and a decline in their other food
supply, caused increased rate of predation on smaller sea-
birds (Votier et al. 2004). In general, mortality by predation
was higher in Enez Kreiz, where no culling was performed on
any predator (Cadiou 2001, 2013). In colonies free of preda-
tors (e.g., Skokholm Island 19661969 and Marettimo Island
1991-2006) total annual mortality of adult storm petrels was
estimated around 10-11% (Scott 1970; Sanz-Aguilar et al.
2009b). Long-lived Procellariiform species, as storm petrels,
have evolved in predator-free sites and lack specific anti-pred-
atory behaviour apart from being nocturnal (Warham 1990).

In conclusion, we found that mortality in two allopatric
colonies of storm petrels was linked to complex processes
operating during breeding, migration and wintering sea-
sons, generating important inter-population differences.
This study emphasizes the necessity of modelling sepa-
rately different causes of mortality when studying the
effects of climate on vital rates.
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Appendix 1

See Tables (3, 4, 5).

Table 3 Goodness-of-fit

. Colony EK B

(GOF) tests of the multistate R ) )

Jolly Movement model and the Goodness-of-fit components X df X df

transient and trap-dependence IMV model total 94.04 74 141.33 47

multistate models, for birds

at Enez Kreiz Island, Brittany WBWA 0 0

(noted EK) and birds at the at 3G.SR transient effect 16.15 12 43.56 11

Benidorm Island (noted B) 3G.SM 20.84 20 20.92 13
MITEC trap-dependence effect 35.03 19 55.41 12
MLTEC 22.02 23 21.45 11
Model with transients and trap-dependence 42.86 43 42.37 24
¢—Model with transients and trap-dependence 1.00 1.77

Significant Chi square statistics (P <0.05) are in bold

Table 4 Model selection for recapture probabilities (p) of European storm petrel (Hydrobates pelagicus) on Enez Kreiz Island, Western Brittany

(EK) and Benidorm Island, Western Mediterranean (B)

Model m, my p np Dev QAIC, AQAIC,
1EK a+t a+t trap +¢ 42 2588.96 2676.64 0.00
1b EK at+t a+t trap 30 2622.56 2684.43 7.79
1B a+t a+t trap +¢ 39 3510.76 2062.99 0.00
1b B a+t a+t trap 28 3564.63 2070.70 7.71

m, mortality at the colony due to predation, m, mortality at sea, np number of estimable parameters, Dev relative deviance, QAIC, Akaike’s
information criterion adjusted for small sample size (c) and overdispersion (Q), AQAIC, difference between current model and the model with
the lowest QAIC,, “¢” time effect, “a” transient effect, “trap” trap dependence effect. The model with the highest w; is in bold

Table 5 Correlation between

able . € , wNAO wSOI WMEI wENSO wHIX WeMOi wWeMOi
climatic covariates with
Pearson’s r test below the wNAO 0.56 0.36 0.24 0.03 0.92 0.48
diagonal and P value of a £ test wSOI 0.18 0.00 0.00 035 0.12 0.72
above the diagonal
WMEI -0.28 -0.97 0.00 0.43 0.09 0.84
wENSO -0.35 —0.90 0.97 0.51 0.10 0.87
wHIX 0.60 0.28 -0.24 -0.20 0.23 0.11
WeMOi 0.05 —-0.48 0.48 0.50 0.36 0.14
wWeMOi 0.22 —0.11 0.06 -0.05 0.46 0.43

The values in bold indicate that there is statistically significant correlation between covariates

Appendix 2

Specification of the multievent modelling approach
in program E-SURGE

Multievent models were built in several stages using pro-
gram E-SURGE (Choquet et al. 2009b). Multievent model
uses three kinds of parameters: the initial state probabili-
ties, the transition probabilities, and the event probabilities
(conditional on the underlying states). Here the parameters
of interest were mortality (m) and recapture probabilities
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(p). We used a specific structure of transition probabilities
(decomposed in two steps, see below) that allows the differ-
ential modelling of two types of mortality (Pradel 2005) and
accounts for trap-dependence effects (i.e., differential recap-
ture probabilities in time ¢+ 1 of alive individuals captured
and not captured in time 7) (Pradel and Sanz-Aguilar 2012).

The multievent framework distinguishes the events,
coded in the capture histories, from the states, which must
be inferred. The possible events were:

0 = “not seen”.

1 = “captured on the nest”.

2 = “recovered dead in a pellet”.
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And the underlying biological states were:

AH  alive captured

AS  alive non-captured

RDc recently dead at the colony
RDs recently dead at sea

LD longdead

The symbols for parameters were

m  mortality probability
p recapture probability

The transition probabilities are presented in stochas-
tic matrices form with departure states in rows and arrival
states in columns (see specific matrices below). Each row
corresponds to a multinomial. Consequently, the total of
cell probabilities was 1. Because of this constraint, one and
only one cell probability in each row will be calculated as
the complement to 1 of the others. This particular cell is
denoted with a “*’ symbol. Inactive cells, i.e., cells whose
associated probability is structurally 0 are denoted with a
‘-> symbol. An active cell receives an arbitrary letter.

As every individual in presented data set was captured
alive for the first time, all initial state probabilities (Vector
1) were 1 for the state “AH” and this kind of parameter was
not used here.

Initial State probabilities

AH AS RDc RDs

Inital state =

a0 0 o0 (Vector 1).

The initial state probabilities vector is specified in
GEPAT (E-SURGE) as:

Transition probabilities, step 1: Mortality

In the first step of transitions, the probabilities of mortal-
ity at the colony (m.) and at sea (m,) of alive individuals
(states AH and AS) were modelled (Matrix 1). The last
state—long dead ‘LD’ can only be reached from recently
dead states (RDc and RDs) with probability 1, and once
in this state an individual will remain in it forever
(transition from ‘LD’ to ‘LD’ is 1: last row, last column).

AH AS RDc RDs LD
AH [1—-m.—mg O me Mg 0
AS | O 1—me—mg me mg 0
Mortality= RDc | 0 0 0 0 1
RDs | O 0 0 0 1
LD \O 0 0 0 1
(Matrix 1)

Matrix 1 is specified in GEPAT (E-SURGE) as:

4
m _
m

*
I
8 8 ©

D AW N =
|
|
|
|

Transition probabilities, step 2: recapture

In the second step of transitions, only the probabilities
of recapture of alive individuals (states AH and AS) were
modelled (Matrix 2), as dead individuals cannot be cap-
tured alive and the only possibility is to remain dead.

AH AS RDc RDs LD

AH (p, 1=-p, 0 O
AS|p, 1-p,0 O
RDc| 0 0 1 O
RDsf 0 0 0 1
LD{0O 0 0 O

Recapture =

(Matrix 2)

- o O O O

Matrix 2 is specified in GEPAT (E-SURGE) as:

2 3 4 5

I © g =
|
|
|

wm AW N -

Event probabilities, step 1

The event probabilities relate the observations coded
in the capture histories to the underlying biological states
(Matrix 3). Consequently, individuals alive and captured
(AH) always have a code 1, and individuals alive but not
captured (AS) always have a code 0. Dead individuals at
the colony will have a code 2 with a probability 1 which
assumes that every predated individual was recovered.
Dead individuals at sea cannot be recovered in pellets and
have a code 0 with a probability of 1.

o 1 2

AH(O 1 O

Event = Asl1 o o
RDc|O O 1 (Matrix 3)

RDs|1 O O

LD{1 O O
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Matrix 3 is specified in GEPAT (E-SURGE) as:

w A W N =
|
|
*

References

Ballerini T, Tavecchia G, Olmastroni S, Pezzo F, Focardi S (2009)
Nonlinear effects of winter sea ice on the survival probabilities
of Adélie penguins. Oecologia 161:253-265

Barausse A, Michieli A, Riginella E, Palmeri L, Mazzoldi C (2011)
Long-term changes in community composition and life-history
traits in a highly exploited basin (northern Adriatic Sea): the
role of environment and anthropogenic pressures. J Fish Biol
79:1453-1486

Blenckner T, Hillebrand H (2002) North Atlantic Oscillation signa-
tures in aquatic and terrestrial ecosystems—a meta-analysis.
Global Change Biol 8:203-212

Boano G, Brichetti P, Foschi UF (2010) “La Nifia”-driven Atlantic
storms affect winter survival of Mediterranean Cory’s Shearwa-
ters. Ital J Zool 77:460-468

Brook BW, Sodhi NS, Bradshaw CJ (2008) Synergies among extinc-
tion drivers under global change. Trends Ecol Evol 23:453—460

Buri¢ D, Duci¢ V, Mihajlovi¢ J, Lukovi¢ J, Dragojlovi¢ J (2014) Rela-
tionship between the precipitation variability in Montenegro and
the Mediterranean oscillation. Glasnik Srpskog Geografskog
Drustva 94:109-120

Burnham KP, Anderson DR (2002) Model selection and multi-model
inference: a practical information-theoretic approach. Springer,
New York

Cadiou B (2001) The breeding biology of the European Storm-pet-
rel Hydrobates pelagicus in Brittany, France. Atlantic Seabirds
3:149-164

Cadiou B (2013) Nocturnal predation by the Grey Heron Ardea
cinerea on the European Storm-petrel Hydrobates pelagicus.
Seabird 26:93-95

Cagnon C, Lauga B, Hémery G, Mouches C (2004) Phylogeo-
graphic differentiation of storm petrels (Hydrobates pelagicus)
based on cytochrome b mitochondrial DNA variation. Mar Biol
145:1257-1264

Cayan DR (1992) Latent and sensible heat flux anomalies over the
northern oceans: the connection to monthly atmospheric circula-
tion. J Clim 5:354-369

Choquet R, Lebreton JD, Gimenez O, Reboulet AM, Pradel R
(2009a) U-CARE: Utilities for performing goodness of fit
tests and manipulating CApture-REcapture data. Ecography
32:1071-1074

Choquet R, Rouan L, Pradel R (2009b) Program E-SURGE: a soft-
ware application for fitting multievent models. In: Thomson DL,
Cooch EG, Conroy MJ (eds) Modeling demographic processes
in marked populations. Springer, New York, pp 845-865

Cramp S, Simmons K (1977) Birds of the Western Palearctic: hand-
book of the birds of Europe, the Middle East and North Africa.
Oxford University Press, New York

Criado-Aldeanueva F, Soto-Navarro FJ (2013) The Mediterranean
oscillation teleconnection index: station-based versus principal
component paradigms. Adv Meteorol 2013: 738501

@ Springer

Cury P, Bakun A, Crawford RJ, Jarre A, Quifiones RA, Shannon LJ,
Verheye HM (2000) Small pelagics in upwelling systems: pat-
terns of interaction and structural changes in “wasp-waist” eco-
systems. ICES J Mar Sci 57:603-618

Davis SE, Nager RG, Furness RW (2005) Food availability affects
adult survival as well as breeding success of parasitic jaegers.
Ecology 86:1047-1056

Del Hoyo J, Elliot A, Sargatal J (1992) Handbook of the birds of the
world. Lynx Editions, Barcelona

Descamps S, Tarroux A, Lorentsen SH, Love OP, Varpe @, Yoccoz
NG (2015) Large-scale oceanographic fluctuations drive Antarc-
tic petrel survival and reproduction. Ecography 39:496-505

du Feu CR, Joys AC, Clark JA, Fiedler W, Downie IS, van Noord-
wijk AJ, Spina F, Wassenaar R, Baillie SR (2009) EURING
Data Bank geographical index 2009. http://www.euring.org/edb.
Accessed 22 Apr 2015

Durant JM, Stenseth NC, Anker-Nilssen T, Harris MP, Thompson
PM, Wanless S (2004) Marine birds and climate fluctuation in
the North Atlantic. In: Stenseth NC, Ottersen G, Hurrell JW,
Belgrano A (eds) Marine ecosystems and climate variation: the
north Atlantic. Oxford University Press, Oxford, pp 95-105

Feistel R, Hagen E, Grant K (2003) Climatic changes in the sub-
tropical Southeast Atlantic: the St. Helena Island climate index
(1893-1999). Prog Oceanogr 59:321-337

Fowler JA (2002) European Storm-petrel Hydrobates pelagicus.
In: Wernham CV, Toms MP, Marchant JH, Clark JA, Siri-
wardena GM, Baillie SR (eds) The migration atlas: movements
of the birds of Britain and Ireland. T. & AD Poyser, London,
pp 124-127

Furness RW, Camphuysen KC (1997) Seabirds as monitors of the
marine environment. ICES J Mar Sci 54:726-737

Gaillard J-M, Yoccoz NG (2003) Temporal variation in survival
of mammals: a case of environmental canalization? Ecology
84:3294-3306

Genovart M, Sanz-Aguilar A, Fernandez-Chacén A, Igual JM, Pradel
R, Forero MG, Oro D (2013) Contrasting effects of climatic vari-
ability on the demography of a trans-equatorial migratory sea-
bird. J Anim Ecol 82:121-130

Hagen E, Agenbag JJ, Feistel R (2005) The winter St. Helena climate
index and extreme Benguela upwelling. J Mar Syst 57:219-230

Hallett TB, Coulson T, Pilkington JG, Clutton-Brock TH, Pemberton
JM, Grenfell BT (2004) Why large-scale climate indices seem
to predict ecological processes better than local weather. Nature
430:71-75

Hashmi D, Fliege G (1994) Autumn migration of the storm-petrel
Hydrobates pelagicus through the strait of Gibraltar. J fiir Orni-
thol 135:203-207

Hemery G, D’Amico F, Castege I, Dupont B, D’Elbee J, Lalanne
Y, Mouches C (2008) Detecting the impact of oceano-climatic
changes on marine ecosystems using a multivariate index: the
case of the Bay of Biscay (North Atlantic-European Ocean).
Global Change Biol 14:27-38

Horswill C, Matthiopoulos J, Green JA, Meredith MP, Forcada J, Peat
H, Preston M, Trathan PN, Ratcliffe N (2014) Survival in maca-
roni penguins and the relative importance of different drivers:
Individual traits, predation pressure and environmental variabil-
ity. J Anim Ecol 83:1057-1067

Horswill C, Ratcliffe N, Green JA, Phillips RA, Trathan PN, Matthio-
poulos J (2016) Unravelling the relative roles of top-down and
bottom-up forces driving population change in an oceanic preda-
tor. Ecology 97:1919-1928

Hurrell JW (1995) Decadal trends in the North Atlantic oscillation.
Science 269:676-679

Hurrell JW, Deser C (2015) Northern Hemisphere climate variability
during winter: looking back on the work of Felix Exner. Mete-
orol Z 24:113-118


http://www.euring.org/edb

Popul Ecol (2017) 59:225-238

237

Hurrell JW, Kushnir Y, Ottersen G, Visbeck M (2013) An overview
of the North Atlantic Oscillation. In: Hurrell JW, Kushnir Y,
Ottersen G, Visbeck M (eds) The North Atlantic Oscillation:
climatic significance and environmental impact. American Geo-
physical Union, Washington, DC, pp 1-35

Igual JM, Tavecchia G, Jenouvrier S, Forero MG, Oro D (2009) Buy-
ing years to extinction: Is compensatory mitigation for marine
bycatch a sufficient conservation measure for long-lived sea-
birds? PLoS One 4:e4826

Jenouvrier S (2013) Impacts of climate change on avian populations.
Global Change Biol 19:2036-2057

Jenouvrier S, Thibault JC, Viallefont A, Vidal P, Ristow D, Mougin
JL, Brichetti P, Borg 1], Bretagnolle V (2009) Global climate
patterns explain range-wide synchronicity in survival of a migra-
tory seabird. Global Change Biol 15:268-279

Jones HP, Tershy BR, Zavaleta ES, Croll DA, Keitt BS, Finkelstein
ME, Howald GR (2008) Severity of the effects of invasive rats
on seabirds: a global review. Conserv Biol 22:16-26

Klaassen RH, Hake M, Strandberg R, Koks BJ, Trierweiler C, Exo
KM, Bairlein F, Alerstam T (2014) When and where does mor-
tality occur in migratory birds? Direct evidence from long-term
satellite tracking of raptors. J Anim Ecol 83:176-184

Knutson TR, Sirutis JJ, Garner ST, Vecchi GA, Held IM (2008) Sim-
ulated reduction in Atlantic hurricane frequency under twenty-
first-century warming conditions. Nat Geosci 1:359-364

Latif M, Grotzner A (2000) The equatorial Atlantic oscillation and its
response to ENSO. Clim Dyn 16:213-218

Le Corre M (2008) Conservation biology: cats, rats and seabirds.
Nature 451:134-135

Lok T, Overdijk O, Piersma T (2015) The cost of migration: spoon-
bills suffer higher mortality during trans-Saharan spring migra-
tions only. Biol Lett 11:20140944

Martin J, Thibault J, Bretagnolle V (2000) Black rats, island charac-
teristics, and colonial nesting birds in the Mediterranean: conse-
quences of an ancient introduction. Conserv Biol 14:1452—-1466

Martin-Vide J, Lopez-Bustins J (2006) The western Mediterranean
oscillation and rainfall in the Iberian Peninsula. Int J Climatol
26:1455-1475

Milosevié¢ DD, Savi¢ SM, Panteli¢ M, Stankov U, Ziberna I, Dolinaj
D, LesceSen I (2016) Variability of seasonal and annual pre-
cipitation in Slovenia and its correlation with large-scale atmos-
pheric circulation. Open Geosci 8:593-605

Oro D (2014) Seabirds and climate: knowledge, pitfalls, and opportu-
nities. Front Ecol Evol 2:79

Oro D, Martinez-Vilalta A (1994) Factors affecting kleptoparasit-
ism and predation rates upon a colony of Audouin’s gull (Larus
audouinii) by yellow-legged gulls (Larus cachinnans) in Spain.
Colon Waterbirds 17:35-41

Oro D, De Leén A, Minguez E, Furness RW (2005) Estimating preda-
tion on breeding European storm-petrels (Hydrobates pelagicus)
by yellow-legged gulls (Larus michahellis). J Zool 265:421-429

Ottersen G, Planque B, Belgrano A, Post E, Reid PC, Stenseth NC
(2001) Ecological effects of the North Atlantic oscillation. Oeco-
logia 128:1-14

Payo-Payo A, Genovart M, Bertolero A, Pradel R, Oro D (2016) Con-
secutive cohort effects driven by density-dependence and climate
influence early-life survival in a long-lived bird. Proc R Soc
Lond B 283:20153042

Philander SG (1990) El Nifio, La Nifia, and the Southern Oscillation.
Academic Press, New York

Pradel R (2005) Multievent: an extension of multistate capture—recap-
ture models to uncertain states. Biometrics 61:442-447

Pradel R, Sanz-Aguilar A (2012) Modeling trap-awareness and related
phenomena in capture-recapture studies. PLoS One 7:¢32666

Pradel R, Hines JE, Lebreton J-D, Nichols JD (1997) Capture-recap-
ture survival models taking account of transients. Biometrics
53:60-72

Ramirez F, Afan I, Tavecchia G, Catalan A, Oro D, Sanz-Aguilar A
(2016) Oceanographic drivers and mistiming processes shape
breeding success in a seabird. Proc R Soc Lond B 283:20152287

Ramos R, Granadeiro JP, Nevoux M, Mougin JL, Dias MP, Catry
P (2012) Combined spatio-temporal impacts of climate and
longline fisheries on the survival of a trans-equatorial marine
migrant. PLoS One 7:e40822

Rodriguez C, Bustamante J (2003) The effect of weather on lesser
kestrel breeding success: can climate change explain historical
population declines? J Anim Ecol 72:793-810

Sather B-E, Bakke @ (2000) Avian life history variation and contri-
bution of demographic traits to the population growth rate. Ecol-
ogy 81:642-653

Sanz-Aguilar A, Tavecchia G, Pradel R, Minguez E, Oro D (2008)
The cost of reproduction and experience-dependent vital rates in
a small petrel. Ecology 89:3195-3203

Sanz-Aguilar A, Martinez-Abrain A, Tavecchia G, Minguez E, Oro
D (2009a) Evidence-based culling of a facultative predator: effi-
cacy and efficiency components. Biol Conserv 142:424-431

Sanz-Aguilar A, Massa B, Lo Valvo FL, Oro D, Minguez E, Tavec-
chia G (2009b) Contrasting age-specific recruitment and survival
at different spatial scales: a case study with the European storm
petrel. Ecography 32:637-646

Sanz-Aguilar A, Tavecchia G, Minguez E, Massa B, Valvo FL, Bal-
lesteros GA, Barbera GG, Amengual JF, Rodriguez A, McMinn
M, Oro D (2010) Recapture processes and biological inference
in monitoring burrow-nesting seabirds. J Ornithol 151:133-146

Sanz-Aguilar A, Béchet A, Germain C, Johnson AR, Pradel R (2012)
To leave or not to leave: survival trade-offs between differ-
ent migratory strategies in the greater flamingo. J Anim Ecol
81:1171-1182

Sanz-Aguilar A, De Pablo F, Donazar JA (2015a) Age-dependent sur-
vival of island vs. mainland populations of two avian scavengers:
delving into migration costs. Oecologia 179:405-414

Sanz-Aguilar A, Sanchez-Zapata JA, Carrete M, Benitez JR, Avila E,
Arenas R, Donézar JA (2015b) Action on multiple fronts, ille-
gal poisoning and wind farm planning, is required to reverse the
decline of the Egyptian vulture in southern Spain. Biol Conserv
187:10-18

Sanz-Aguilar A, Igual JM, Tavecchia G, Genovart M, Oro D (2016)
When immigration mask threats: The rescue effect of a Scopoli’s
shearwater colony in the Western Mediterranean as a case study.
Biol Conserv 198:33-36

Schaub M, Kania W, Koéppen U (2005) Variation of primary produc-
tion during winter induces synchrony in survival rates in migra-
tory white storks Ciconia ciconia. J Anim Ecol 74:656-666

Schaub M, Aebischer A, Gimenez O, Berger S, Arlettaz R (2010)
Massive immigration balances high anthropogenic mortality in a
stable eagle owl population: Lessons for conservation. Biol Con-
serv 143:1911-1918

Schreiber EA, Burger J (2001) Biology of marine birds. CRC Press,
Boca Raton

Scott D (1970) The breeding biology of the Storm Petrel. D. Phil. the-
sis. Oxford University, UK

Skalski J, Hoffmann A, Smith S (1993) Testing the significance of
individual-andcohort-level covariates in animal survival stud-
ies. In: Lebreton J-D, North PM (eds) Marked individuals in the
study of bird population. Birkhduser, Basel, pp 9-28

Soldatini C, Albores-Barajas YV, Massa B, Gimenez O (2014) Cli-
mate driven life histories: the case of the Mediterranean storm
petrel. PLoS One 9:¢94526

@ Springer



238

Popul Ecol (2017) 59:225-238

Stenseth NC, Mysterud A, Ottersen G, Hurrell JW, Chan KS, Lima
M (2002) Ecological effects of climate fluctuations. Science
297:1292-1296

van de Pol M, Brouwer L, Brooker LC, Brooker MG, Colombelli-
Négrel D, Hall ML, Langmore NE, Petters A, Pruett-Jones
S, Russell M, Webster MS, Cockburn A (2013) Problems
with using large-scale oceanic climate indices to compare cli-
matic sensitivities across populations and species. Ecography
36:249-255

@ Springer

Votier SC, Bearhop S, Ratcliffe N, Phillips RA, Furness RW (2004)
Predation by great skuas at a large Shetland seabird colony. J
Appl Ecol 41:1117-1128

Warham J (1990) The petrels: their ecology and breeding systems.
Academic Press, London

Wolter K, Timlin MS (1993) Monitoring ENSO in COADS with a
seasonally adjusted principal component index. In: Proceeding
of the 17th Climate Diagnostics Workshop. pp 52-57



	Disentangling the effects of predation and oceanographic fluctuations in the mortality of two allopatric seabird populations
	Abstract 
	Introduction
	Materials and Methods
	Data collection at breeding colonies
	Climatic covariates
	Statistical analysis

	Results
	Discussion
	Mortality at sea
	Mortality at colonies, top–down processes

	Acknowledgements 
	References


