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Abstract. Environmental drivers, including anthropogenic impacts, affect vital rates of
organisms. Nevertheless, the influence of these drivers may depend on the physical features of
the habitat and how they affect life history strategies depending on individual covariates such
as age and sex. Here, the long-term monitoring (1994–2014) of marked European Shags in
eight colonies in two regions with different ecological features, such as foraging habitat,
allowed us to test several biological hypotheses about how survival changes by age and sex in
each region by means of multi-event capture–recapture modeling. Impacts included fishing
practices and bycatch, invasive introduced carnivores and the severe Prestige oil spill. Adult
survival was constant but, unexpectedly, it was different between sexes. This difference was
opposite in each region. The impact of the oil spill on survival was important only for adults
(especially for females) in one region and lasted a single year. Juvenile survival was time depen-
dent but this variability was not synchronized between regions, suggesting a strong signal of
regional environmental variability. Mortality due to bycatch was also different between sex,
age and region. Interestingly the results showed that the size of the fishing fleet is not necessar-
ily a good proxy for assessing the impact of bycatch mortality, which may be more dependent
on the fishing grounds and the fishing gears employed in each season of the year. Anthro-
pogenic impacts affected survival differently by age and sex, which was expected for a long-
lived organism with sexual size dimorphism. Strikingly, these differences varied depending on
the region, indicating that habitat heterogeneity is demographically important to how environ-
mental variability (including anthropogenic impacts) and resilience influence population
dynamics.

Key words: anthropogenic impacts; habitat heterogeneity; life histories; long-lived species; resilience;
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INTRODUCTION

Anthropogenic impacts (e.g., the agents of global
change) play a role in environmental variability that is
both stochastic and deterministic. Thus, they may influ-
ence most ecological processes and patterns at the level
of individuals, populations, communities and ecosys-
tems. This influence depends on the magnitude and
duration of the impact (pulse vs. press perturbations),
the resilience capacity and the evolutionary life histories
of the species affected. At a population level, age and sex
are two features of individuals whose vital rates may also
be differently affected by environmental variability with
consequences for gene frequencies, life histories, and
population regulation. It is well known that age plays an
important role in life history strategies and the ways
in which they have been shaped by evolution, especially
in age-structured populations of long-lived organisms

(Stearns 1992). For these organisms, vital rates such as
survival, recruitment, and fertility fluctuate with envi-
ronmental variability and mostly covarying positively
with age until senescence (Charlesworth 1980, Charles-
worth and Patridge 1997). Furthermore, sexual differ-
ences in age-dependent demographic parameters are well
documented in species with sex-specific mating patterns
and parental roles (Clutton-Brock and Isvaran 2007,
Bonduriansky et al. 2008). Sex-specific demography
may also be expected in monogamous species because
sexes commonly differ in life history and ecological traits
(P€arn et al. 2009, Saino et al. 2017). In seabirds, for
example, males and females often differ in their foraging
strategies with potential consequences on sexual differ-
ences in how environmental variability influences vital
rates such as survival (Weimerskirch et al. 2014, Lewis
et al. 2015). Life history theory predicts that those
differences in vital rates between sexes and age classes
should be maintained under environmental variability.
Empirical studies show that, for instance, younger indi-
viduals always have lower vital rates than older, experi-
enced individuals, and the sex investing more in
reproduction always has a lower survival (Lebreton
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et al. 1992, Loison et al. 1999). Nevertheless, some
recent evidence indicates that environmental variability
may alter the patterns of fixed variation of vital rates
with age and sex (Steiner et al. 2010, Pardo et al. 2012,
Oro et al. 2014).
Apart from age and sex, other factors that may alter

how environmental variability affects vital rates, such as
local habitat features, are rarely considered. These fea-
tures may induce differential susceptibility to mortality,
including that from human activities (e.g., oil spills
[�Alvarez and Pajuelo 2004], seabird bycatch [Gianuca
et al. 2017]). This is likely because habitat affects niche
segregation among age and sex classes (Cook et al.
2013, Thiebot et al. 2014, Genovart et al. 2017). Under-
standing how anthropogenic impacts affect the different
individual features such as sex and age within and
between populations is crucial to assessing how these
perturbations influence the spatiotemporal dynamics of
populations and their viability. This may be particularly
important to reliably diagnose the different impacts of
global change and the potential heterogeneity in resili-
ence between populations, particularly for vulnerable
species and communities (e.g., Oro et al. 2012).
Here, we test the interaction between foraging habitat

and anthropogenic impacts on age- and sex-specific sur-
vival of a sexually size-dimorphic coastal seabird, the
European Shag (Phalacrocorax aristotelis), hereafter
“Shag.” We take advantage of a long-term monitoring
program of this species in two close Atlantic regions of
the Iberian Peninsula, Western (W) Asturias (Cantabrian

coast) and R�ıas Baixas (Galicia), with contrasting ecolog-
ical features and anthropogenic impacts (see Fig. 1a,b).
In these two regions, Shags have no competing species
and are the only piscivorous pursuit-diving seabird. Shags
also show marked habitat-dependent differences in forag-
ing strategies (Watanuki et al. 2008): in WAsturias, Shags
mainly use rocky shores, where typically they are solitary
foragers and search for benthic fish, such as wrasses (fam-
ily Labridae; �Alvarez 1998, Moreno et al. 2011), moving
along the bottom (Watanuki et al. 2008). In R�ıas Baixas,
Shags frequently forage in groups to catch sandeels (fam-
ily Ammodytidae, mainly Gymnammodytes semisquama-
tus) in shallow, sandy areas (Velando and Freire 1999,
Velando and Munilla 2008; see Fig. 1c). We evaluated
three anthropogenic impacts during the study period that
likely affected age- and sex-dependent survival variability
of Shags: (1) bycatch in fishing gears, (2) mortality due to
the Prestige oil spill (see Fig. 1b), and (3) predation by an
introduced invasive carnivore, the American mink (Neovi-
son vison). The influence of environmental and anthro-
pogenic factors on Shags are expected to depend on
individual covariates such as age and sex due to, for
example, differences in their foraging strategies (Daunt
et al. 2007, Bogdanova et al. 2014, Lewis et al. 2015) and
behavior (Nelson 2005).

Biological hypotheses

As for all long-lived organisms, we expect an increase
in survival with age, due to the acquisition of experience

FIG. 1. Study area and Shag population. (a) Distribution of the main colonies (black dots) of the European shag on the Atlantic
coast of Spain; the location of the study colonies in the two study regions are shown in the panels. (b) Estimated breeding popula-
tion changes in these regions between 1992 and 2014 and occurrence of the Prestige oil spill. (c) Relative frequency (%) of prey
fishes during the breeding period in western Asturias (based on 1,446 prey from 114 fresh pellets collected in 1998 and 2004;
�Alvarez 1998, Moreno et al. 2011) and R�ıas Baixas (25,330 prey from 1,003 pellets collected from 1992 to 2007; Velando and
Munilla 2008).
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and a selection filter acting mostly on juvenile individu-
als. Since environmental canalization should increase
with age (Gaillard and Yoccoz 2003), we also expect that
juvenile survival will vary over time, whereas adult
survival will be constant, although extreme perturba-
tions could also affect the latter (Frederiksen et al.
2008). Juveniles have poorer foraging skills compared to
adults, and increase their foraging effort to compensate
(Daunt et al. 2007). During the post-fledgling
period, juveniles strongly compete and males are more
aggressive than females (Velando 2000). In relation to
sex, survival of adult males, likely with lower reproduc-
tive costs than females, should be higher (e.g., Tavecchia
et al. 2001). In birds, reproductive costs, more than size
dimorphism, have a strong impact on sex-specific adult
mortality (Owens and Bennett 1994). Additionally, if
sex-specific foraging costs are related to habitat charac-
teristics, sex differences in mortality between regions
may occur. Male and female seabirds also respond
differently to environmental fluctuations (Barros et al.
2013b, Lewis et al. 2015) and they show different forag-
ing strategies (e.g., Bogdanova et al. 2014). Male Shags
are constrained by the defense of their breeding terri-
tory, even during the non-breeding season (Snow 1960),
which may restrict their foraging area. Some preliminary
evidence in the study area suggests that sex and age
affect susceptibility to human-related mortality (Marti-
nez-Abrain et al. 2006, �Alvarez 2015).
In both study regions, Shags are incidentally caught

by artisanal gillnet fisheries (Velando and Freire 2002,
�Alvarez 2015). The number of artisanal fishing vessels is
higher in R�ıas Baixas than in W Asturias, so we exp-
ected a lower survival for all ages and sexes in the
former region, although the different foraging strate-
gies driven by habitat differences may affect bycatch
susceptibility.
On 13 November 2002, the Prestige oil tanker released

about 63,000 metric tons of heavy oil close to the
Galician coast. This spill was the largest environmental
perturbation recorded in the Iberian Peninsula. Shags
were affected by the initial spillage (Velando et al.
2005a, b) with a long-term decrease at the population
level (Velando and Munilla 2008, Barros et al. 2014; see
Fig. 1b). The pre-spill long-term monitoring in R�ıas
Baixas (oiled) and WAsturias (unoiled) colonies allowed
us to distinguish between the effects of the spillage event
and natural temporal and spatial variability: we expected
an especially high impact of the oil spill on juvenile sur-
vival in R�ıas Baixas, since most Shag casualties were juve-
niles (Velando et al. 2005b), whereas we expected a lack
of impact in the distant W Asturias. Importantly, some
evidence suggests that female mortality was higher in the
aftermath of the oil spill, probably due to sexual segrega-
tion in foraging habitats (Martinez-Abrain et al.
2006). Last, some R�ıas Baixas colonies were affected by
the presence of invasive American mink (Velando et al.
2017), with severe episodes of predation on adult Shags
(Barros et al. 2016).

METHODS

Study area and species

We studied Shag populations in two regions in the
northwestern Iberian Peninsula (see Fig. 1) from 1994
to 2014. Shags are year-round local residents in the
study area (Velando and Munilla 2008, Barros et al.
2013a), showing high natal and breeding fidelity, with
most birds recruiting within 5 km of their natal site
(Velando and Freire 2002, Barros et al. 2013b). Young
birds visit the colonies in their first year of life and most
birds recruit at age 3 with a few recruiting at age 2
(Velando 2001, Velando and Freire 2002, Velando and
Munilla 2008, see also Frederiksen et al. 2008).
The two study regions have contrasting oceanographic

and ecological features. In the R�ıas Baixas in southern
Galicia, Shags breed on large islands surrounded by
sandy shallow waters in the mouth of r�ıas (i.e., drowned
river valleys open to the sea; Fig. 1a). In contrast, Shag
colonies in W Asturias are located on small islets and
cliffs along the rocky shores of the mainland coast. River
discharges and coastal upwellings (from March to Octo-
ber) strongly enhance marine productivity in the R�ıas
Baixas coast, which is higher than in WAsturias, which
is less influenced by upwelling dynamics (Bode et al.
2011). This likely explains the higher number of fish-
ing vessels in R�ıas Baixas compared to Asturias
(MAGRAMA 2012). In R�ıas Baixas, we monitored four
breeding colonies (C�ıes, Ons, Sagres, and Lobeiras;
Fig 1a), where population density has fluctuated
between ~800 and 2,400 estimated breeding pairs since
1992 (Fig. 1b). After the Prestige oil spill, the breeding
population was about 70% lower than before the spill
(�Alvarez and Velando 2007, Velando et al. 2015;
Fig. 1b). In WAsturias, fieldwork was conducted on four
small islets (As Pantorgas, Castr�ıos-Represas, A Forcada
and La Caladoria; Fig. 1a), which have a relatively stable
population of about 150–200 pairs, although a decline in
the number of breeding pairs in recent years has been
recorded (D. �Alvarez, unpublished data; Fig. 1b).
The ringing program was carried out during 1994–

2014. A total of 2,428 birds were marked, most of them
as chicks (92% from total) and the rest as adults, all in
the nests during the breeding season (annual median, 98
birds; range, 11–454). Color-ringed Shags were easily
detected and monitored at colonies as evidenced by pre-
vious studies (Velando 2000, Velando and Freire 2002,
Noguera et al. 2012, Barros et al. 2013b). Only two age
classes (juveniles and adults) were considered to avoid
an over-parameterization of survival models. Animals
were marked in different colonies (Fig. 1a). Because the
colonies are larger in R�ıas Baixas, more birds were
marked in this region (76% from total).
In the monitored areas, blood samples (about 0.5 mL)

or feathers were taken from some chicks (about 0.5 mL)
and sex was determined by molecular analysis or by
means of a discriminant function in chicks older than
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25 d (Velando et al. 2002 correctly sexed over 97% of
the chicks; see details in Barros et al. 2013b). Adults
were sexed based on vocalizations, size, and behavior;
the same percentage of males and females were recorded
using these criteria (24% of each sex, the rest remaining
unsexed). From 1995 to 2014, we collected resighting
data by intensive field monitoring of marked Shags in
the study areas. Only resights performed during the
breeding season were used in our analysis. The rest of
the birds could not be sexed mostly due to cases in which
ringed chicks were never resighted. To improve survival
estimates and to estimate the sources of mortality, we
used 118 recoveries from dead marked birds. The cause
of death could be assigned in 48% of the cases. Most
cases (95%) corresponded to birds that died in fishing
gear (vertical gill-nets; �Alvarez 2015). The three cases of
birds that died due to the oil spill were assigned to the
unknown category because of a lack of power to obtain
mortality estimates from this cause of death.

Capture–recapture statistical modeling

We applied a multi-event capture–recapture modeling
to our data, which included a mixture of capture–resight-
ing data and recoveries of dead animals. In this modeling
approach, we relate the true states of the individuals to
the observed events through a series of conditional proba-
bilities (Pradel 2005). This modeling also allowed us to
deal with the presence of transients (likely an age effect)
and trap heterogeneity, with some birds being more acces-
sible to resighting than others. In fact, a multi-state good-
ness-of-fit test (GOF) performed only on marked chicks
showed that those two effects (transients and trap hetero-
geneity) were strong in the two regions and that the fit of
the JMV model was very poor (see Table 1). Models
were built using E-SURGE (Choquet et al. 2009) and

identified three basic types of parameters: the initial state
probabilities, the transition probabilities between states
and the event probabilities. Model selection was based on
QAIC, the Akaike Information Criterion corrected for
overdispersion (Burnham and Anderson 2002).
We analysed all data available from 1994 to 2014 and,

as previously, individuals were classified into two groups
based on their age at first capture (juveniles and adults).
Models included nine biological states: alive aware
(AAM and AAF for males and females, respectively),
alive unaware (AUM and AUF), individuals recently
dead as bycatch (RFM and RFF), individuals recently
dead due to unknown causes (RDM and RDF) and
dead (D), with this last state being unobservable. Transi-
tions between states were modeled in two steps: survival
and probability of dying in bycatch events. On each cap-
ture–recapture occasion (t”\), we considered 10 possible
events: individual not seen (noted 0), individual seen as
male (noted 1), male found recently dead as bycatch
(noted 2), male found recently dead due to unknown
causes (noted 3), individual seen as female (noted 4),
female found recently dead as bycatch (noted 5), female
found recently dead due to unknown causes (noted 6),
individual seen of unknown sex (noted 7), individual of
unknown sex found recently dead as bycatch (noted 8)
and individual of unknown sex found recently dead due
to unknown causes (noted 9) (see details in Appen-
dix S1). The events were used for modeling sex assign-
ment (testing for differences in region and sex) and
recovery probabilities (testing for differences in region
and cause of mortality).
The setup of the event matrix was conservative, in the

sense that recoveries of birds that died due to unknown
reasons were not partially assigned to bycatch mortality
(see Appendix S1). This was done even when birds
assigned to unknown reasons were likely deceased due to
bycatch (birds with hidden hooks or drowned in vertical
nets and stranded in beaches). Nevertheless, the small
number of recoveries precluded the estimation of a proba-
bility that birds dead due to unknown causes had died
due to fisheries. Thus, our estimation of fishery bycatch
must be considered as a minimum probability of mortal-
ity from this anthropogenic impact; we also increased the
reliability of our estimates of bycatch mortality.
Age, sex, and region were the covariates tested in our

models for all parameters. Survival and recaptures were
allowed to vary with time, whereas probabilities of dying
as bycatch and unknown causes were set as constant
over the years because of the low number of recoveries
(i.e., lack of power). Two other anthropogenic impacts
were also tested in our models: the Prestige oil spill,
occurring in southern Galicia in the winter of 2002 (with
a before-after-control-impact (BACI) design), and the
arrival of invasive American mink to the C�ıes archipe-
lago in 2009. Since Shags ringed at C�ıes largely con-
tributed to the pool of ringed birds in R�ıas Baixas, the
severe episodes of predation may have produced a signa-
ture on demographic parameters in this area.

TABLE 1. Multi-state goodness-of-fit test (GOF) performed
using U-Care (Choquet 2009) on birds marked as chicks only.

GOF component and region v2 df P

Test3G
Western Asturias 140.111 14 <0.0001
R�ıas Baixas 30.997 15 <0.01

Test M
Western Asturias 73.152 19 <0.0001
R�ıas Baixas 68.710 18 <0.0001

JMV model
Western Asturias 108.872 41 <0.0001
R�ıas Baixas 265.264 50 <0.0001

Notes: The data set was a mixture or recaptures and recover-
ies. v2, chi-square test value; df, degrees of freedom. Test 3G
examines the effect of the past capture history on the future of
animals captured and released at the same time on the same
site; Test M contrasts the animals not caught at a given occa-
sion, yet known to be alive, to those caught at the same occa-
sion; JMV model generalizes the Arnason-Schwarz model by
allowing encounter probabilities to vary by site occupied at the
previous occasion, so it test whether all animals present at any
given time at the same site behave the same.
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RESULTS

Most marked birds (82%) were never resighted, likely
because many fledglings died during their first months
of life before recruiting. In fact, from the 118 recoveries,
75% corresponded to birds in their first year of life. A
total of 981 resights were made at the colonies. In gen-
eral, there was considerable uncertainty around the esti-
mates, likely caused by the relatively small sample sizes
and the low resighting probabilities for some sex-
age-location classes. For instance, and due to logistic
(e.g., long-lasting harsh sea conditions that precluded
the access to the colonies, lack of funding) and biological
constraints (e.g., total breeding failure), some cohorts of
chicks could not be ringed.
Since GOF tests were statistically significant, we

included age and trap-awareness in our models and then
corrected for the remaining overdispersion with a
ĉ = 2.087. We started modeling with a more general
model (see Appendix S2: Table S1) in which both survival
and recapture varied with time, age, sex, and region; mor-
talities in fisheries varied with age, sex, and region; sex
assignment varied with region and sex; and finally,
recoveries varied with region and cause of death. We first
modeled sex assignment and recoveries starting by sim-
plifying the more general model, in which survival of all
ages, sexes and regions were set as constant. The best
model (model 2, Appendix S2: Table S1) showed that sex
assignment depended on the region (but not on sex) and
recovery rates depended on region and cause of death.
Starting from model 2, we then modeled the minimum
probabilities of dying in fisheries (Appendix S2:
Table S2). Region in particular, but also sex and age, were
important covariates for these probabilities (models 9,
10, and 11, respectively, Appendix S2: Table S2). We then
tried to assess whether region influenced ages or sexes
differently: after testing for different combinations of
region, age, and sex, the selected model showed that age
played an important role only in R�ıas Baixas, but sex was
important in the two regions for the minimum probabili-
ties of dying in fisheries (model 13, Appendix S2:
Table S2). Starting from model 13, we modeled recapture
probabilities. None of the models tested improved the fit
of this model; thus region, age and time were important,
whereas sex did not influence these probabilities (model
22, see Appendix S2: Table S3). Finally, we modeled sur-
vival probabilities taking account of sex, region, age, and
time, and the potential effects of the Prestige oil spill and
the arrival of invasive minks (Appendix S2: Table S4).
Adult survival was constant and different between

regions and sexes (models 29 and 35, Appendix S2:
Table S4). The potential impact of the Prestige oil spill
on survival was important only for adults from R�ıas
Baixas and only the year after the spill (model 46,
Appendix S2: Table S4). A well ranked model suggested
that mortality due to the Prestige oil spill mostly affected
female birds from R�ıas Baixas (model 47, Appendix S2:
Table S4). We did not detect a statistically significant

effect of American mink on survival for birds breeding
in R�ıas Baixas. All three of the best models (models 35,
46, and 47) showed that sex was not important for juve-
nile survival in either region, but that survival for this
age class varied with time and differently for each region
(thus, there was no additive effect of region, see Fig. 2a).
In the two regions, juvenile survival varied greatly over
time ranging from low (0.17, 95% CI 0.08–0.30 and 0.15,
95% CI 0.04–0.44 for W Asturias and R�ıas Baixas,
respectively) to high values for first-year survival (0.64,
95% CI 0.42–0.81 and 0.66, 95% CI 0.43–0.83 for W
Asturias and R�ıas Baixas, respectively, see Fig. 2a).
Despite showing different fluctuations over time in each
region, juvenile survival was on average similar in the
two regions. Adult survival was much higher than the
mean juvenile survival and remained constant, although
it varied with sex differently in the two regions. In W
Asturias, males survived more than females, and the
contrary was true for R�ıas Baixas (see Fig. 2b). The
difference was due to the low adult survival for males in
R�ıas Baixas, since survival for adult females was similar
in the two regions (Fig. 2b). Adult survival in R�ıas
Baixas greatly decreased the year after the Prestige oil
spill: from 0.72 (95% CI 0.68–0.76) to 0.67 (0.63–0.70)
for males and from 0.80 (0.75–0.84) to 0.62 (95% CI
0.59–0.64) for females, which was the most affected of
the two sexes. The best models all showed that a mini-
mum mortality due to bycatch was also different
between sex, age, and region: in W Asturias, both juve-
nile and adult females were more impacted than males,
whereas in R�ıas Baixas, adults and juveniles of each sex
were similarly affected (Fig. 2c). Recapture probabilities
varied with years, age, region and sex (only for adults);
recaptures were, in general, higher for adult males than
for adult females and higher in R�ıas Baixas than in
Asturias, whereas for juveniles they were higher in
Asturias than in R�ıas Baixas (see Appendix S3).

DISCUSSION

Our study shows that anthropogenic impacts may dif-
ferently affect survival of a coastal marine predator
depending not only on age and sex but also on habitat fea-
tures. The consequences of these impacts on survival and
the resulting heterogeneity is probably the result of the
complex interaction of life history strategies (e.g., breed-
ing investment by each sex, high population elasticity for
adult survival) with proximal factors, such as the charac-
teristics of foraging habitat and resilience mechanisms to
buffer against each of the impacts. This plasticity is crucial
to understand the responses of organisms to environmen-
tal variability for the theory of life history strategies (Cas-
well 1983). Even within seabird communities, responses to
a common environment can be very different depending
on life history strategies, the patterns of competition,
stochasticity (both environmental and demographic), and
the strength of density-dependence (Jenouvrier et al.
2005, Rolland et al. 2010, Almaraz and Oro 2011).

616 DANIEL ORO ET AL.
Ecological Applications

Vol. 28, No. 3



Anthropogenic impacts on survival

Our study indicates that bycatch has a non-negligible
impact on Shag demography in both regions, and that it
was the most severe and long-lasting of the impacts
recorded here. The bycatch incidence was similar in the

two regions even though the difference in the size of the
fishing fleets (~4,500 and 250 boats in R�ıas Baixas and
Asturias, respectively; see INDUROT 2010, Our�ens
et al. 2010). This suggests that fishing fleet size is not
necessarily a good proxy to assess bycatch impact on top
marine predators, especially for artisanal coastal boats,
which have a high spatiotemporal variability in fishing
gears, fishing operations, targeted species, and location
of fishing grounds (Laneri et al. 2010, Lewison et al.
2014). On the contrary, mortality from bycatch on age
and sex classes did show regional differences: in W
Asturias, but not in R�ıas Baixas, female Shags (both
juvenile and adults) are more likely to be caught in fish-
ing nets than males. A recent study by De Rijcke (2015)
shows that Shag males dive deeper and have higher post-
diving intervals than females when foraging in kelp-
forested benthic areas. Sexual segregation in foraging
niches and its effect on sex-specific bycatch may be more
relevant in deep habitats, where Shags capture benthic
prey, than in shallow waters where Shags forage on pela-
gic prey. Sex differences in seabird bycatch have been
found in several fisheries (reviewed in Gianuca et al.
2017), but their demographic signature has rarely been
explored, probably due to the difficulties in obtaining
and integrating recoveries into complex capture–recap-
ture models (e.g., Genovart et al. 2017).
Seabirds are one of the most affected organisms in

large oil spills, but their demographic effects are difficult
to understand without long-term monitoring of marked
individuals (Wiens 2007, Votier et al. 2008). In our study,
the temporal comparison (BACI design) between oiled
(R�ıas Baixas) and unoiled colonies (WAsturias) confirms
that adult survival was severely affected by the impact of
the Prestige oil spill. Although most Shags retrieved dur-
ing the spillage were juveniles (Velando et al. 2005b), we
could not detect any oil spill effect on juvenile survival.
Two non-exclusive hypotheses can explain this mismatch:
first, the age structure of the population may be formed
by a large proportion of juveniles, and thus, stranded
birds were found according to their frequency in the
population. Second, juvenile mortality from the oil spill
was probably masked by environmental variability
strongly affecting over-winter mortality (e.g., occurrence
of storms, low food availability; Harris and Wanless 1996,
Votier et al. 2008, Oro et al. 2010). On the contrary,
despite the fact that few adults were found stranded, we
found that adult survival was reduced by ~15% the year
after the Prestige oil spill. In this oil spill, only a small
fraction of the dead birds were retrieved (Munilla et al.
2011), but adult survival impairment may also be
explained by the sublethal effects of oil exposure or
reduced food availability after the oil spill (Velando et al.
2005b, 2010). A reduction in breeder survival likely
explains the overall population decline in the breeding
season following the Prestige disaster (Velando et al.
2005a). This is in agreement with the fact that in long-
lived organisms such as Shags, population dynamics have
a high elasticity to variations of adult survival (Mart�ınez-

a

b

c

FIG. 2. (a) Annual variation of juvenile survival of Euro-
pean shags in western Asturias and R�ıas Baixas (solid and open
dots, respectively, in all panels) during 1994–2014. For those
years when no fledglings were marked, first-year survival could
not be estimated and these values are missing. (b) Survival for
adult males and females for each region; open squares show the
single annual survival value after the Prestige oil spill for birds
breeding at Rias Baixas. For juvenile survival, a mean value
from a constant model is shown. (c) The minimum probability
of dying as fisheries bycatch for each region, age, and sex; note
that for Asturias, only sex played an important role and bycatch
mortality for juveniles and adults were the same. Mean and
95% CI are shown in all panels.
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Abra�ın et al. 2001, Doherty et al. 2004). Juvenile survival
varied differently over time in each region suggesting than
local oceanographic conditions and temporal variability
in anthropogenic impacts were more important drivers
than those occurring at a macro-scale, driven by large
climatic indexes such as NAO (Oro 2014). However, the
mean value of juvenile survival over time was similar in
the two regions.
Finally, invasive carnivores such as feral cats and mus-

telids, are known to cause severe damage to seabird colo-
nies worldwide (Towns et al. 2011). In our study, an
effect of American mink on survival for birds breeding
in R�ıas Baixas (if any) was not detected, perhaps because
the impact was present only on the C�ıes archipelago and
the colonies that remained undisturbed diluted that mor-
tality. In C�ıes, severe predation on adult Shags was
recorded in the year when mink arrived in the breeding
colonies, but subsequently Shags moved to safe nest sites
inaccessible to terrestrial carnivores, which probably
minimized predator impact (Barros et al. 2016). This
behavioural buffering against the arrival of terrestrial
predators is partly explained by adaptive plasticity to
varying environments, which is especially high for some
seabirds such as terns and gulls (Mart�ınez-Abra�ın et al.
2003, Payo-Payo et al. 2017), whereas other species,
particularly Procellariforms, have evolved in very stable
environments and lack adaptive responses to this type of
perturbation (Igual et al. 2007).

Demographic consequences of survival heterogeneity
between ages, sexes and habitats

As expected for a long-lived organism (Stearns 1992),
adult survival was higher than that of juveniles, and the
former was more stable over time, except when a severe
impact occurred (i.e., the Prestige oil spill). Adult survival
was different between regions, and this likely influenced
local population dynamics (e.g., Fern�andez-Chac�on et al.
2013). This was particularly evident after the occurrence
of an extreme event (the oil spill, see Fig. 1b) (see also
Frederiksen et al. 2008). Sex has also been highlighted as
an important individual feature affecting seabird survival,
especially for dimorphic species (Promislow et al. 1992,
Oro et al. 2010). The sex-skewed mortality from the oil
spill in Galicia towards adult females was likely an addi-
tive factor for the population decline due to an altered
population sex ratio (see also Mills and Ryan 2005, Mar-
tinez-Abrain et al. 2006, Veran and Beissinger 2009).
Importantly, the recorded time series from R�ıas Baixas
(Fig. 1b) shows that the oil spill likely caused a regime
shift and that population still remains at a much lower
density after 15 years, even though adult survival recov-
ered its normal values after the event (see also Harris and
Wanless 1996, Lewison et al. 2012). It may be that there
has been a lack of rescue immigration from source popu-
lations (Sanz-Aguilar et al. 2016), that a regime shift for
the whole coastal ecosystem around the affected colonies
occurred, lowering the carrying capacity and preventing a

hysteresis loop after cessation of the impact by demo-
graphic buffering (e.g., increased recruitment and fertility,
decreased emigration; e.g., Oro et al. 2012), and/or the
negative effect of other persisting impacts, mainly
bycatch, may be at play. Mortality from bycatch was also
different between sexes, but again only in one region. This
difference between regions was due to differences in the
features of fishing fleets and foraging habitat, and the
foraging behavior in each region (see also Weimerskirch
et al. 1997, Rolland et al. 2010, Bugoni et al. 2011). Fur-
thermore, varying oceanographic conditions at a small
spatial scale can drive differential seabird population
dynamics (Anderson 1989).
In summary, demographic parameters of seabird popu-

lations may vary with environmental variability in a
complex way, involving individual (e.g., age, sex, social
rank, breeding status) and population (e.g., density-
dependence, stable age distribution) features. Even closely
situated populations sharing the same environment can
show different demographic responses and vital rates,
because intrinsic population features such as age structure
or density-dependence may alter that relationship (Tavec-
chia et al. 2008, Sanz-Aguilar et al. 2009). Furthermore,
anthropogenic impacts are not only part of environmen-
tal variability, but they also introduce more complexity to
the responses of organisms at ecological and evolutionary
levels (Lewison et al. 2012, Oro et al. 2013). Some of
these impacts are deterministic (e.g., habitat loss, anthro-
pogenic perturbation events), some generate different pat-
terns of mortality (e.g., additive, compensatory), and
some may affect different components of the ecosystems
altering the relationships between organisms (e.g., preda-
tor–prey, interference competition within communities).
In addition, demographic responses may vary depending
on population resistance and resilience, which depend on
the duration of the impact, the life history of the species,
habitat heterogeneity and availability, population size
(e.g., Allee effects) and others (Jiguet et al. 2007). Our
study illustrates how major anthropogenic impacts for
seabirds, namely oil spills, fishery bycatch and introduced
carnivores, can have very different demographic conse-
quences depending on individual responses to the pertur-
bations and habitat features.
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