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Nowadays seabirds are among the most threatened animal taxa. Due to introduction by humans of mam-
malian predators on large islands, Mediterranean Storm Petrels are now confined to islets and considered
locally vulnerable, especially threatened by predatory overabundant gulls. In this study, we evaluate the
effectiveness of nest boxes installation as a management measure for their conservation at Benidorm
Island (Spain). We compare demographic parameters of individuals breeding in natural nests and nest
boxes using capture–recapture and generalized linear mixed models. Our results show higher survival
rates and breeding success probabilities for birds breeding in artificial nests than in natural sites, prob-
ably as a consequence of protection against gulls. Following the installation and successful occupation
of nest boxes, breeding numbers of Storm Petrels greatly increased. Although conservation measures
have proved highly effective we recommend the maintenance of the monitoring and evidence-based
management of the Storm Petrel breeding population.

� 2012 Elsevier Ltd. All rights reserved.
1. Introduction

Coastal, island and marine ecosystems have been largely modi-
fied during the last centuries by habitat destruction, introduction
of alien species, pollution, over-exploitation and climate change,
jeopardizing the conservation of their biodiversity (Millennium
Ecosystem Assessment, 2005). Nowadays, the loss of species is of
major concern and the implementation of effective management
actions designed to restore habitats and enhance the conservation
status of endangered species is urgently needed (Pullin et al., 2004).

Procellariiform (albatrosses, shearwaters and petrels) popula-
tions have experienced substantial declines, being one of the most
threatened animal taxa (Bird Life International, 2000; Butchart
et al., 2004). The introduction of alien mammalian species on
islands (Martin et al., 2000); the incidental mortality in fisheries,
especially in longlining (Lewison et al., 2004); and the loss or dete-
rioration of breeding habitat (Cadiou et al., 2010) are their most
important threats. Conservation actions developed to recover
Procellariiform populations are usually carried out on breeding
grounds and include the eradication of predators and the improve-
ment of nesting habitat (Carlile et al., 2003; Sanz-Aguilar et al.,
ll rights reserved.

lation Biology Group, Centre
UMR 5175, 1919 Route de
32 11; fax: +33 4 67 61 33 36.
nz-Aguilar).
2009a). In fact, conservation actions on breeding grounds are easier
to implement and less expensive than at sea (Wilcox and Donland,
2007); and can be highly effective for small species that are not at
risk of bycatch (Baker et al., 2002; Sanz-Aguilar et al., 2009a).

The Mediterranean Storm Petrel (Hydrobates pelagicus
melitensis) is one of the smallest Procellariiform species (Warham,
1990). Major threats of Storm Petrels in their current breeding
colonies are predation of adults by syntopic bird species as gulls
(Sanz-Aguilar et al., 2009a) and habitat deterioration (Cadiou
et al., 2010). Their current populations are confined to rat-free
sites, which remain scarce among Mediterranean islands (Ruffino
et al., 2009). In order to increase the availability of suitable breed-
ing sites, nest boxes have been installed in several Storm Petrel col-
onies (De León and Mínguez, 2003; Bolton et al., 2004; own data).

The provision of nest boxes is a common management tool for
the monitoring and conservation of different bird species, includ-
ing seabirds, waterfowls, passerines, parrots or raptors (Bolton
et al., 2004; Corrigan et al., 2011). Several studies have shown a
positive growth of population density following the increase of
available nesting habitat provided by nest boxes (Corrigan et al.,
2011). The growth of a population can be a consequence of an in-
crease of individual productivity, recruitment or survival (Caswell,
2001). Breeding success of birds using nest boxes has been shown
to be higher than that of those breeding in natural sites, mainly due
to protection from predators (Møller, 1989), reduction in egg
damage and inter- or intraspecific interferences (Bolton et al.,
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2004). Nest boxes also improved recruitment (Lalas et al., 1999)
but their impact on survival remains unknown. Nest boxes can im-
prove survival by protecting individuals from predators (De León
and Mínguez, 2003). However, nest boxes can also have undesir-
able and unexpected effects acting as ‘ecological traps’ (Mänd
et al., 2005; Klein et al., 2007): allowing supra-optimal breeding
density or even increasing attractiveness of predators (Sanz et al.,
2003; Mänd et al., 2005).

The aim of this study was to evaluate the long-term effective-
ness of provisioning nest boxes for the conservation of Mediterra-
nean Storm Petrel at Benidorm Island (Spain). To do so, we
estimated and compared the demographic parameters (breeding
success and local survival) of birds breeding in natural sites and
nest boxes, and analyze their local population trends.
2. Methods

2.1. Species and study area

The Mediterranean Storm Petrel is a small (28 g) and long-lived
vulnerable pelagic seabird (Mínguez, 2004). They are single egg
layers with an extended breeding period (Mínguez, 1994). At their
breeding colonies, Storm Petrels return to land only during the
hours of darkness (Warham, 1990).

The study was conducted from 1993 to 2010 at Benidorm Island
(6.5 ha; 38�300N, 0�080E), a Special Protection Area for the conser-
vation of the Storm Petrel in the Mediterranean coast of Spain. At
Benidorm Island petrels concentrate at high densities in two caves,
cave 1 and cave 2, where more than 200 and 100 pairs respectively
breed under boulders and in crevices (Mínguez, 1994). Here, their
main threat is predation by specialized individuals of Yellow-leg-
ged Gulls, Larus michahellis (Sanz-Aguilar et al., 2009a). Since
2004, individual breeding gulls identified as predators are selec-
tively culled (Sanz-Aguilar et al., 2009a).

Since 1993 in cave 1 and 1994 in cave 2 breeding adults have
been captured in their nests and marked with stainless steel bands.
Breeding birds are captured only once each breeding season (Sanz-
Aguilar et al., 2008). Additionally, from 1993 to 2007 every nest
found at the colonies was monitored by weekly to 15 days visits
during the whole breeding period (April to September) to study
nest occupancy and breeding success. From 2008 to nowadays nest
monitoring effort has been reduced by excluding some nests from
the monitoring, namely those in which adults have never been cap-
tured. Nests were considered as occupied if an adult bird was found
incubating in at least one of the visits. Chicks were considered to
fledge if they were at least 35 days old when observed last time.
Breeding success was estimated as the proportion of chicks fledged
in relation to the number of eggs laid (Sanz-Aguilar et al., 2008).

In November 1996, 87 nest boxes were installed, 45 in cave 1
and 42 in cave 2 (see details on nest boxes design in Appendix
A). Only those nest boxes placed in cave 2 have shown high occu-
pancy levels during the study period (Fig. 1) (De León and Mínguez,
2003).
2.2. Estimation of demographic parameters

Given the low occupancy rates of nest boxes at cave 1 (maxi-
mum of 6 occupied since 2008), we only considered data on cave
2 to estimate the potential differences in recapture, survival, dis-
persal to a new nest type and reproductive rates between individ-
uals nesting in natural nests and nest boxes.

Survival, recapture and transition (i.e. change of nest type)
probabilities were estimated simultaneously by means of multi-
state capture–recapture models (Lebreton et al., 2009) using data
from 388 breeding adults marked between 1994 and 2010 at cave
2. Capture–recapture analysis began by the assessment of the
goodness-of-fit (GOF) of a general model to the data (Pradel
et al., 2003). Multistate GOF tests were performed using program
U-CARE 2.3.2 (Choquet et al., 2009b). We found both a transient ef-
fect (3G.SR test: v2 = 42.2, d.f. = 23, p = 0.009) and a trap-depen-
dence effect (M.ITEC test: v2 = 29.04, d.f. = 8, p = 0.000) (see
Section 3). Consequently, we built models including a ‘‘transient
effect’’ (models with two relative age-classes for survival parame-
ters: one for newly marked individuals and another for confirmed
resident birds, see details in Pradel et al., 1997) and a ‘‘trap-depen-
dence effect’’ (we considered specific recapture parameters for
individuals previously captured at t � 1 and birds non-captured
on the previous capture occasion as detailed in Pradel and Sanz-
Aguilar, 2012). The overall goodness-of-fit test for the model incor-
porating the transient and the trap-dependence effects was not
statistically significant (v2 = 25.04, d.f. = 31, p = 0.766). We tested
the effects of time and nest type on survival, recapture and transi-
tion between nest type probabilities. Models were built and fit to
the data using program E-SURGE 1.6.3 (Choquet et al., 2009a).
Model selection was based on Akaike’s Information Criterion ad-
justed for the effective sample size (AICc, Burnham and Anderson,
2002). In addition, for each model j, we calculated the Akaike
weight, wj, as an index of its relative plausibility (Burnham and
Anderson, 2002). Estimates were obtained by model averaging in
which each model contributed to the final estimate according to
its wj (Burnham and Anderson, 2002).

Breeding success was modeled as a binary variable (1 = success-
ful, 0 = unsuccessful) using generalized linear mixed models with a
logit-link function and binomial error distribution (McCulloch and
Searle, 2001). We tested the effects of time and nest type on breed-
ing success. Analyses were conducted with the R software (http://
www.R-project.org/) using the ‘‘lmer’’ function (package ‘‘lme4’’) in
which ‘‘year’’ (14 levels) and ‘‘nest type’’ (2 levels) were considered
as fixed terms and the nest identity treated as a random term.
Model selection was based on AIC.
3. Results

3.1. Survival, recapture and change of nest type probabilities

A general model, including the effects of time and nest type on
survival and recapture and the effect of nest type on transition
probabilities was the starting point for the analyses (Model 1, Table
B1 – Appendix B). We began model selection by testing the effects
of time and nest type on recapture probabilities (Models 1–4, Table
B1 – Appendix B). The best model in terms of AICc included both
effects (Model 1, Table B1 – Appendix B). Then we tested the ef-
fects of time and nest type on survival of newly marked and con-
firmed resident birds simultaneously (Models 1, 5–7, Table B1 –
Appendix B). A model including the effect of nest type on survival
(Model 5, Table B1 – Appendix B) had the lowest AICc. Finally, we
tested if change of nest type probability was dependent (Model 5,
Table B1 – Appendix B) or independent on nest type of departure,
i.e. constant (Model 8, Table B1 – Appendix B). This last model
(Model 8, Table B1 – Appendix B) was the best in terms of AICc,
and assumed a nest type effect on survival, a time and nest type ef-
fects on recapture probability, and a constant transition probability
between natural and artificial nests. However, this model was tied
in terms of AIC with Model 5 (Table B1 – Appendix B). Therefore,
we resorted to model averaging of Models 5 and 8 resulting in sur-
vival estimates of 0.82 (95% CI = 0.78–0.86) and 0.89 (95%
CI = 0.86–0.92) for resident birds breeding in natural and in nest
boxes, respectively. Newly marked birds breeding at natural sites
and nest boxes showed a local survival of 0.66 (95% CI = 0.59–
0.72) and 0.78 (95% CI = 0.71–0.83), respectively. Transition
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Fig. 1. Annual number of nests occupied by breeding Storm Petrels observed in cave 2 of Benidorm Island from 1993 to 2010 (dots and squares). The two values for 2007
indicate the breeding pairs observed under the full (black dots) and the reduced (white squares) monitoring protocol established since 2008. Black bars indicate the number
of artificial nest boxes occupied (the number of nest boxes available was 42 and were installed before the breeding season of 1997).
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probability from natural nests to nest boxes was 0.006 (95%
CI = 0.003–0.02), and from nest boxes to natural nests 0.004 (95%
CI = 0.0004–0.018). Mean recapture probabilities at natural nests
were 0.74 (95% CI = 0.69–0.79) and 0.36 (95% CI = 0.25–0.47) for
individuals captured and not captured in the previous occasion
respectively (Model 9, Table B1 – Appendix B). Recapture probabil-
ities of individuals breeding in nest boxes were higher: 0.96 (95%
CI = 0.76–0.99) and 0.90 (95% CI = 0.86–0.93) for the two trap-
dependence types of individuals (Model 9, Table B1 – Appendix B).

3.2. Breeding success probabilities

Model selection began with the most complex model, which in-
cluded the effects of nest type, time and their statistical interaction
(Model 1, Table B2 – Appendix B). Although no simpler model
(Models 2–5, Table B2 – Appendix B) improved over Model 1 in
terms of AIC, we note that the model including only the effect of
nest type (Model 3, Table B2 – Appendix B) was better than the
model including only a temporal variation (Model 4, Table B2 –
Appendix B). Mean breeding success in natural nests was signifi-
cantly lower than in nest boxes, 0.53 (SE = 0.07) and 0.72
(SE = 0.08) respectively (Model 3, Table B2 – Appendix B).

3.3. Artificial nest-boxes occupancy and population growth

Nest boxes occupancy increased between 1997 and 2005,
reaching a maximum of occupancy in 2005 (36 nest boxes occu-
pied, Fig. 1). Between 2005 and 2010, the number of nest boxes
occupied in cave 2 was relatively stable (Fig. 1).

At the beginning of the study, in 1993, 64 breeding pairs were
detected at cave 2 (Fig. 1). This number decreased to 36 pairs in
1997 (Fig. 1). Since 1997 (when nest boxes were available for the
first time), the number of occupied nests increased up to 108 nests
in 2006 (observed population growth rate k = 1.100; 95%
CI = 1.061–1.141, Fig. 1). During the last years (2007–2010) the
number of observed breeding pairs was fairly stable (Fig. 1). Colony
growth rate has been positive from the installation of the nest
boxes except in 2002 and 2007 (Fig. 1). The estimates of population
growth rate based on demographic parameters of birds breeding at
natural nests and nest boxes were k = 0.895; 95% CI = 0.797–0.992
and k = 0.982; 95% CI = 0.927–1.037, respectively (Appendix C).

4. Discussion

Like most seabirds, Storm Petrels spend more than 90% of their
life at sea (Warham, 1990). Storm Petrels are one of the smallest
seabird species, and one of the few species that is not at risk of by-
catch (Baker et al., 2002). Consequently, management actions
developed at their breeding colonies, like predator removal or hab-
itat amelioration, have been proved to be highly effective (Carlile
et al., 2003; Bried et al., 2009; Sanz-Aguilar et al., 2009a). At Ben-
idorm Island, the main threat for the Storm Petrel is the Yellow-
legged Gull (Sanz-Aguilar et al., 2009a). Originally, nest boxes were
installed to improve habitat availability and increase breeding suc-
cess and breeding numbers (De León and Mínguez, 2003). How-
ever, our results reveal that nest boxes can additionally improve
adult survival.

In accordance with our results, breeding success of individuals
breeding in artificial nests has been found to be higher than in nat-
ural sites in several seabird species (e.g. Byrd et al., 1983; Wilson,
1986; Priddel and Carlile, 1995; Bolton et al., 2004; Bried et al.,
2009; Sherley et al., 2012; but see Thayer et al., 2000). Storm Petrel
breeding success can be affected by factors such as intraspecific
disturbance (e.g. egg damage by adults trampling, see Warham,
1990), habitat features (e.g. egg damage caused by small stones
that stand out from the walls of the cave and occasionally fall, Bol-
ton et al., 2004), predation (Sanz-Aguilar et al., 2009a) and/or indi-
vidual characteristics (e.g. age and breeding experience, Sanz-
Aguilar et al., 2008, 2009b). During the study period we have de-
tected very few movements from natural nests to nest boxes. Con-
sequently, we think that the majority of birds that settled in the
artificial sites were probably prospector individuals breeding for
the first time (De León and Mínguez, 2003). As breeding success in-
creases with age and experience (Sanz-Aguilar et al., 2008, 2009b)
and birds breeding in natural nests were presumably older and
more experienced, the higher breeding success of individuals
breeding in nest boxes may respond to the nesting habitat features
(De León and Mínguez, 2003; Bolton et al., 2004).

Survival rates of Storm Petrels breeding at Benidorm Island are
mainly affected by predatory pressure of gulls (Sanz-Aguilar et al.,
2009a) but also individual factors such as age and breeding expe-
rience influence survival (Sanz-Aguilar et al., 2008, 2009b). Again,
if predation levels were similar in the two nest types, survival of
birds breeding in natural nests should be higher because they are
probably older and more experienced than individuals breeding
in nest boxes. However, we observed the contrary, suggesting that
birds breeding in nest boxes are better protected from gull preda-
tion. In fact, survival of birds breeding in nest-boxes was very sim-
ilar to those found in other colonies (0.86–0.90) where predation is
lower (Scott, 1970; Insley et al., 2002; Sanz-Aguilar et al., 2009b).
This suggests that monitoring of marked individuals might be a
useful guide to whether provision of nest boxes might be beneficial
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in terms of improving adult survival. Although probabilities of
transition between nest types were extremely low, our results sug-
gest a positive selection of nest boxes by individuals changing their
previous nest. Recapture probability of Storm Petrels breeding in
artificial nest-boxes was higher than that of individuals breeding
in natural nests because artificial nests are easier to monitor (pers.
obs.).

The occupancy rate of artificial nest boxes varied between col-
onies, probably due to differences in the availability of natural
nests (De León and Mínguez, 2003). In contrast to cave 1 (a large
cave with high amounts of boulders), cave 2 has few protected nat-
ural cavities available for breeding (pers. obs.). This fact may ren-
der birds breeding in cave 2 particularly vulnerable to predators
and could explain the high success of nest boxes. Breeding num-
bers in this colony had a worrying tendency to decrease prior to
the installation of nest boxes, in accordance with the estimated
negative population growth rate for natural nests. The estimate
of population growth rate for nest boxes parameters was around
1, i.e. a stable population. However, both estimates of population
growth rate are lower than the observed positive growth rate of
the colony since 1997. This could be explained by an underestima-
tion of prebreeder survival, a parameter extremely difficult to esti-
mate (Sanz-Aguilar et al., 2009b) or by a recruitment of birds born
in other colonies. The high levels of nest box occupation and the
substantial increase of breeding pairs observed since 1997 suggest
that habitat availability was a limiting factor for Storm Petrels
there. In addition, the culling program of adult predatory gulls
implemented since 2004 (Sanz-Aguilar et al., 2009a) could also
have favored the substantial increase in Storm Petrel population
numbers occurred during 2005–2006. The drops in the observed
number of breeding pairs in cave 2 observed since 1997 were prob-
ably related to stochastic predatory events by juvenile gulls that
are not selectively culled (Sanz-Aguilar et al., 2009a).

In conclusion, we have demonstrated that recapture, breeding
success, adult survival and population numbers of a vulnerable
seabird species can be locally enhanced by providing artificial
nest boxes, which can be viewed as a conservation success. Nest
boxes can be highly beneficial for the conservation of this spe-
cies, especially in those colonies where nest are not protected
from predators. However, we would like to point out the impor-
tance of caution when extrapolating estimates on demographic
parameters obtained by nest box monitoring studies to a whole
population (Møller, 1989). In addition, given the high density
of petrels reached at the small cave 2 after the installation of
nest boxes, we consider that the monitoring of this population
must continue in order to detect future potential problems
linked to denso-dependence processes (e.g. predator attraction,
food limitation or diseases, Møller, 1989; Mänd et al., 2005). This
study is an example of evaluation of conservation measures,
which ideally should be part of any conservation plan, in order
to produce information on which conservation managers can
base their decisions, and implement effective conservation plans,
maximizing the financial, human and logistical resources (Pullin
et al., 2004).
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