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Abstract
Several demographic parameters of Balearic shearwater (Puﬃnus mauretanicus) were estimated and used to model extinction
probabilities for the species, which is an endemic seabird conﬁned to a Mediterranean archipelago. Adult survival was analyzed
through capture–recapture models at two colonies free of adult predators during 1997–2002. Extinction probabilities for the world
breeding population were modelled using Monte Carlo simulations of population trajectories, introducing stochasticity both
demographic and environmental. Adult survival estimate (0.780, SE=0.020, 95% Conﬁdence Intervals: 0.739–0.816) was unusually
low for a Procellariiform, suggesting that sources of mortality other than predators (e.g. ﬁshing gears) also occur. A deterministic
model showed a declining trend for the world breeding population (l=0.952), and signiﬁcantly less than 1. Population viability
analysis showed that in the presence of environmental and demographic stochasticities, mean extinction time for the world population was estimated at 40.4 years (SE=0.2), and mean growth rate showed a 7.4% decrease per year. Demographic stochasticity
played a more important role than environmental stochasticity in population growth rate.
# 2003 Elsevier Ltd. All rights reserved.
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1. Introduction
The Balearic shearwater (Puﬃnus mauretanicus Lowe;
family Procellariidae) is one of the rarest seabirds in the
world. Recent studies have shown that birds breeding at
the Balearic archipelago (western Mediterranean) are
genetically and morphologically distinct from the
Levantine shearwaters P. yelkouan, and is now considered a diﬀerent species, rather than a subspecies or a
race (Austin, 1996; Mayol, 1997; Heidrich et al., 1998,
2000). This has implied a very small breeding distribution, and together with a dramatic decline in the estimated numbers (world breeding population is estimated
at less than 2000 pairs), has lead researchers to consider
the species as threatened (Arcos and Oro, in press).
Although several studies have recently analyzed several
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features of the ecology of the species (e.g. Aguilar, 2000;
Arcos et al., 2000; Arcos and Oro, 2002), demographic
information is sparse. Some data have been recorded on
hatching and breeding success although sample sizes
were always small (e.g. Aguilar, 1992, 1993, 1997). It is
also known that some factors are negatively aﬀecting
the population dynamics of Balearic shearwaters and
other seabird species breeding at the same region
(Mayol, 1986; Cooper et al., in press). Even though
human predation and loss of suitable habitat were
probably the main causes of heavy decline and local
extinction of most of these species up to recent decades
(Mayol, 1986; Aguilar, 1997; Alcover, 2000; Mayol et
al., 2000), other factors such as predation by alien terrestrial mammals (both rats and carnivores) or mortality at
ﬁshing gears have been proposed to be now the main
threat (Aguilar, 2000; Mayol et al., 2000; Belda and Sánchez, 2001). However, very little is known about the
impact of these factors on the population dynamics of
Balearic shearwaters (Arcos and Oro, in press). Thus, a
detailed demographic study is crucial to assess population
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viability and conservation implications for this rare
species (Lebreton and Clobert, 1991; Caswell, 2001).
In this study, we estimated for the ﬁrst time adult survival of Balearic shearwaters. Owing that all Procellariiformes are long-lived organisms (e.g. Croxall and
Rothery, 1991; Russell, 1999) adult survival is the
demographic parameter suspected to have the greatest
impact on population growth rate. We used this estimation and other life history traits to perform a population
viability analysis and to assess the risk of extinction and
expected lifetime for the total world population.

2. Methods
2.1. Study area
The study was conducted during 1997–2002 at two
colonies located in Mallorca (western Mediterranean).
One colony (Sa Cella) was located in a big cave at the
foot of a vertical sea cliﬀ on Mallorca Island and was
accessible only from the sea. The other colony was
spread in several small caves on a calcareous rocky islet
(Conills de Malgrats) south of Mallorca. While the ﬁrst
cave is free of carnivores and rats, Black rats (Rattus
rattus) are present in the second colony. Rats are known
to predate on Procellariiformes, especially on eggs and
chicks, and even on adults (e.g. Warham, 1990). Nevertheless, several eradication campaigns have been carried
out at Conills colony, and density of rats is probably
low, which in turn may determine low or even absence
of predation (Amengual and Aguilar, 1998; Aguilar,
2000). Moreover, Balearic shearwaters are suﬃciently
large to be safe against rats, and have not found indications of rat predation on eggs or chicks at Conills
colony during the study (43 nests monitored, see later).
The two colonies are legally protected and no human
impact on the colonies has been recorded in the past
decade. Breeding pairs were estimated at ca. 170–210 at
the big cave and 40–50 at the islet (own data).
Body mass of Balearic shearwaters is ca. 500 g, and
males are slightly larger than females (Genovart et al.,
in press). Females lay a single egg at a nest site (a burrow, a crevice or directly on bare ground) during February–March, and incubation lasts ca. 50 days. Chick
rearing period extends for ca. 65–70 days (own data).
2.2. Data collection and demographic analysis
Nests were marked and breeding success (as percentage of ﬂedglings by eggs laid) was estimated at the two
colonies during 2001–2002. Only nests where the whole
breeding cycle was monitored were considered. Productivity was constant between years and colonies
(Table 1; three-dimensional contingency table, w2=3.43,
d.f.=4, P > 0.05).

Table 1
Fecundity of Balearic shearwaters at the two study colonies during
2001–2002, expressed as the proportion of nesting attempts (pairs
laying an egg) that produced a ﬂedgling (n showed the number of nests
monitored)
Year

Sa Cella

n

Conills

n

Total

n

2001
2002

0.62
0.59

107
91

0.48
0.75

23
20

0.59
0.62

130
111

Total

0.61

198

0.60

43

0.61

241

A ringing programme on chicks and adults has been
carried out since 1981 at several colonies. In total, 880
adults and 1092 chicks have been caught and ringed.
However, the limited number of recaptures in most of
these years and colonies precluded a complete analysis
of the data. Only data from the two study colonies
during 1997–2002, when the number of recaptures was
suﬃciently large, was consequently used. Birds were
trapped by hand at the caves mostly at night when
individuals visit the colonies. During 1997–1999 we
took into account all the individuals trapped at holes
and crevices (i.e. potential nest sites) only during the
breeding season (from early March to late June),
although some of them could be non-breeding individuals (either immatures or adults; see later). We added
data from 2000–2002, but only for those individuals
recorded as breeders (incubating an egg or with a
chick), since this information was systematically recorded during this period. Birds were marked with monel
rings with a unique code and the code was recorded
when the birds were caught in subsequent years.
2.2.1. Survival estimates by capture–recapture modelling
Capture–recapture modelling was applied to the data
set to estimate survival. Models rely on the assumption
that all marked individuals have the same survival
probability, regardless of whether they were marked at
the sample occasion immediately before the current
resighting (e.g. Burnham et al., 1987; reviewed in Williams et al., 2002). Nevertheless, several sources of heterogeneity in survival probability among individuals
violate this assumption: one of these sources is the presence of transients. Since birds caught during the period
1997–1999 could include some non-breeders (see earlier), we took into account the potential bias of this
eﬀect for these years. Transients are individuals that
leave the study area after ﬁrst capture and thus have a
subsequent local survival probability equal to 0 (Pradel
et al., 1997). The presence of transients in the marked
sample may bias estimation of survival. Comparisons
between models including a residency parameter
(1)< 1 (not all the individuals in the sample are residents) or equal to 1 (the marked sample includes residents only) addresses the presence of transients in the
study colonies (Hines, 1996). Importantly, the presence
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of transients indicates emigration out of the study area
or in our case, occurrence of animals simply visiting the
caves, but not able to breed (see earlier). This parameter
can have a biological meaning such as dispersal probability (e.g. Oro et al., 1999) but in our study the only
matter of interest is birds that are breeders (i.e. the estimation of adult survival). However, as usual, we cannot
tell to what extent the local survival probability of individuals resighted several times reﬂects true survival (i.e.
it may also incorporate permanent emigration out of the
study area). Thus, local adult survival estimation cannot
distinguish mortality from permanent emigration.
Nevertheless, we assumed that this bias was small in our
species since breeding dispersal is probably a very
uncommon phenomenon as recorded for other Procellariiformes (e.g. Warham, 1990; Aguilar, 2000).
We started with the Cormack-Jolly-Seber (CJS)
model (tc, ptc), where  is the local survival rate and p
is the recapture probability (e.g. Pollock et al., 1990;
Lebreton et al., 1992). This model had time-speciﬁc (t)
parameters for each colony (c), and can be considered
the general model for departure (see details in Lebreton
et al., 1992). For model selection and assessment of the
biological hypotheses guiding model development
(Burnham and Anderson, 1998), it is critical that the
general model ﬁt the data (Lebreton et al., 1992). Consequently, we ﬁrst assessed the ﬁt of the general model
using the program U-Care (Choquet et al., 2000). The
program provides insight into possible violations of the
assumptions underlying the CJS model (see Burnham et
al., 1987; Pradel et al., 1997). Two tests are used to
assess whether these assumptions are met in our CJS
initial model: TEST2 and TEST3. TEST2 deals with
capture heterogeneity, and check whether some individuals can have diﬀerent recapture probabilities than
others. TEST3 tests the assumption that all marked
individuals alive at (i) have the same probability of surviving to (i+1), and test speciﬁcally the presence of
transients (or non-breeders in our case). Analyses were
performed using program MARK (White and Burnham, 1999). Model notation followed Lebreton et al.
(1992). A model including two factors and their interaction was described using an asterisk. Additive models
were described using a ‘‘+’’ symbol instead, while ‘‘.’’
indicated that the parameter was constant with time. The
biological hypotheses underlying the structure of models
were assessed using AICc (Akaike Information Criterion
corrected by the quasi-likelihood parameter c, see White
and Burnham, 1999). Models with the lowest values of
AICc were retained as good candidate models (Lebreton
et al., 1992; Anderson and Burnham, 1999). Models with
diﬀerences in AICc values lower than 4 were considered
as ‘‘equivalent’’ (i.e. data were insuﬃcient to lead to
deﬁnitive conclusions concerning the process that gave
rise to the data; Anderson et al., 1994; Burnham et al.,
1995). To account for the model selection uncertainty,
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we estimated model parameters by the model averaging
procedure, which considers the relative importance of
each ﬁtted model (Burnham and Anderson, 1998).
We ﬁnally partitioned the variance of the apparent
survival rates into sampling variance and process variance using random eﬀects models, since a large sampling variance makes diﬃcult the identiﬁcation of the
biological processes underlying the variability in survival (e.g. Burnham and White, 2002).
2.2.2. Population viability modelling
Population viability analysis and risk of extinction of
the world breeding population were assessed by population modelling. As initial value in our models, we took
the highest of the available estimates of the world
breeding population up-to-date: 2000 breeding females
(Arcos and Oro, in press). As a ﬁrst step, we modelled
the life-cycle of the population based on its life-history
traits. The life-cycle graph corresponded to a prebreeding census (Fig. 1; Caswell, 2001). Demographic parameters were not sex-dependent. The parameters were sa,
adult survival (or survival of breeders, from the age of 3
years, see Section 3); s0, juvenile survival; s1, survival
rates for immatures; a, age at ﬁrst breeding; and ", fertility. Fertility comprised , or proportion of breeders,
probability of taking a sabbatical year k (see below) and
productivity or breeding success P (see earlier for
methods). No information was available on immature
survival of Balearic shearwaters. Data on survival other
than adult age classes in seabirds are sparse, since
immature birds do not normally visit the breeding sites
and their survival cannot be easily estimated (e.g.
Nichols et al., 1990; Lebreton, 2001). Thus, we arbitrarily set a progressive decrease of 5% in survival rate
for the immature age classes starting from the adult
survival estimate calculated by capture–recapture modelling. This can be considered an optimistic procedure
since in seabirds, immature and subadult survival is
much lower than adult estimates (e.g. Harris et al., 1994;
Spendelow et al., 2002). Moreover, only two age classes

Fig. 1. Life-cycle representation of the population model. Stage 1 is
juvenile birds of age one, stage 2 is immature birds of age two, stage 3
is breeders of age three, and stage 4 is breeders of older ages; si are
survival for each age class i (juvenile, immature and adult); fertility e is
diﬀerent for stage 3 ("1) than for stage 4 ("2) because proportion of
breeders () was diﬀerent between the two stages (see Section 2 for
explanations).
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were considered immature since birds start to breed at 3
years old (see later). Uncertainty aﬀected also other
parameters such as age at ﬁrst breeding and proportion
of breeders. Although ca. 1100 chicks were ringed at
several colonies during 1986–2001, very few birds were
recovered as breeding adults, and age-speciﬁc probabilities of breeding (e.g. Lebreton et al., 1990) could
not been estimated. However, 20 of those chicks were
ﬁrst recorded breeding at the study colonies at a mean
age of 7.2 years (S.D.=3.6), 30% starting at the
youngest age of 3 years (Fig. 2). Distribution was probably biased by several factors (small sample size, detection probabilities, numbers of birds marked per cohort,
lack of recaptures for many years), but we could set a
minimum age of ﬁrst breeding at 3 years. We also set an
optimistic approach of 70% proportion of breeders (b)
for 3 years age class and 100% for older age classes (see
Fig. 1). Even though many Procellariiformes take sabbatical years (e.g. Warham, 1990), the probability of
skip breeding in Balearic shearwaters was also uncertain. We obtained a sample of 16 nests where at least
data from three consecutive years were recorded. After
eliminating data of ﬁrst and last years when no breeding
was recorded (the ﬁrst case could be a ﬁrst no-breeding
occupation of a nest site and the second case could
indicate a deﬁnitive abandon of the nest), we estimated
the probability that a nest site was unoccupied given
that it was occupied in the previous year at 0.213
(SE=0.060). Assuming no movement among nest sites
(own observations), an occupied nest site may become
unoccupied in the following year if either (a) both birds
survived and they skip breeding or (b) at least one of the
adults died. The probability (k) of an occupied burrow
becoming unoccupied could thus be written as:
  

k ¼ p s23 þ 1  s32 ;
ð1Þ
where s3 is adult survival and p the probability of skipping for breeders, which can thus be estimated by:

Fig. 2. Age of ﬁrst detected breeding of Balearic shearwaters ringed
and recaptured at the study colonies. Due to several constraints the
bars do not necessarily show the true age of ﬁrst reproduction (see
Section 2).

p¼

k1
þ1
s23

ð2Þ

A standard error for this estimate p obtained by the
delta method, is
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
s
 
ﬃ
SEðkÞ 2 2s3 SEðs3 Þ 2
SEðpÞ ¼ ð1  pÞ
ð3Þ
þ
k1
s23
These equations gave estimates of k of 0.261
(SE=0.063).
Two sets of simulations were carried out: deterministic and stochastic. Deterministic age-structured matrix
models were used to test the null hypothesis that the
population was stable or increasing, that is H0: l51,
where l is the population growth rate (Caswell, 2001).
Estimated population growth rate l^ was calculated
 from
the deterministic matrix. The standard error SE l^ was
calculated from the variances of the matrix entries using
the series approximation method (Caswell, 2001). The null
hypothesis was tested by computing the statistic test z:
z¼

1  l^
 ;
SE l^

which under H0 has a normal distribution with mean 0
and variance 1.
The simple structure of the deterministic model
allowed us to assess the relative importance of basic
demographic parameters without stretching beyond the
limits of the available data. Even though some parameters (such as age at ﬁrst reproduction) had an
unknown degree of uncertainty, recent studies indicate
that additional age structure in matrix models has little
inﬂuence on either population growth rate or perturbation analyses (Heppell et al., 2000; Caswell, 2001;
Yearsley and Fletcher, 2002; Yearsley et al., 2003).
Simulation by stochastic models were used to investigate extinction probabilities. Three diﬀerent scenarios
were considered for modelling extinction probabilities:
(a) only with demographic stochasticity, (b) only with
environmental stochasticity, and (c) with stochasticity
both demographic and environmental. Input parameters of the models were randomly selected from uniform distributions between the upper and lower 95%
conﬁdence limits for each demographic parameter.
Probabilistic distributions of demographic parameters
were applied to add demographic stochasticity, which
assigned population sizes to integer values. The same
demographic parameters were assigned to males and
females, and sex ratio was assumed to be balanced. We
calculated the numbers of breeders np using the binomial distribution B(u, ), with u the minimum number
of males and females and  the proportion of breeders.
For environmental stochasticity, each demographic
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parameter x was obtained from a normal distribution
with a mean value and its standard deviation estimated
in the ﬁeld during the study. This stochasticity allowed
the parameters to oscillate between bad and good values
and environmental eﬀects either negative or positive
were thus simulated. We did not consider density
dependence in population models (e.g. Yearsley et al.,
2003) since population growth rate was negative in all
cases (see Section 3). Finally, to assess the relative
importance of both stochasticities we performed two
simulations on extinction probabilities, one with only
demographic stochasticity and the other with only environmental stochasticity.
From matrix models, we estimated growth-rate sensitivity and elasticity to demographic parameters xi (Caswell, 2001). Monte Carlo simulations were used to draw
population trajectories (1000 runs) over time (100 years)
and to estimate extinction probabilities, which were
computed as the number of extinct trajectories over the
total number of trajectories.

3. Results
A total of 374 adults (281 at Sa Cella and 93 at Conills) were caught at least once during 1997–2002
(Table 2). Program U-Care showed that the CJS model
(ftc, ptc) ﬁtted our data (TEST2+TEST3: 2 =24.715,
d.f.=23, P=0.365). TEST3 showed that there was no
transient eﬀect at Sa Cella colony, whereas it could exist
such eﬀect at Conills colony (TEST3: 2 =3.9217,
d.f.=4, P=0.417; and 2 =8.2951, d.f.=4, P=0.081
respectively). We interpreted this result as emigration of
birds new to the Conills colony in the ﬁrst years probably as a consequence of capturing visitors (i.e. nonbreeding individuals) among breeders. The CJS model
Table 2
Capture–recapture data for Balearic shearwater ringed and recaptured
between 1997 and 2002 at the two study colonies of Mallorca Island:
Conills Island and Sa Cella cave
Released Newly Year next recaptured
Never
marked
recaptured
1998 1999 2000 2001 2002
Conills
1997
1998
1999
2000
2001

28
27
44
47
38

28
11
24
19
8

16

Sa Cella
1997 69
1998 71
1999 52
2000 56
2001 130

69
63
29
18
67

8

4
16

7
16

2
2
24

6
16
15

0
0
5
25

0
0
2
6
21

6
9
13
16
17

3
10
17
33

3
6
2
7
89

42
23
18
16
39

denoted as (ftc, ptc) (see notation in Lebreton et al.,
1992) was used as a starting point for model selection
with MARK, although additional models (denoted [tc2,
f., p.]) were constructed to take into account the transient eﬀects on Conills colony (noted as c2). The ﬁnally
selected model (Model 2: [f(.), p(c*t)]) indicated that
survival was constant and estimated at 0.780
(SE=0.020, 95% CI: 0.739–0.816; Table 3). Modelling
did not show any change in adult survival between the
two colonies (Models 4 and 8). Models with a transient
eﬀect on Conills colony (e.g. Models 3, 5 or 7) were
either retained as good models. Recapture probability
estimates under the selected model ranged between
0.158 (SE=0.052) and 0.881 (SE=0.058) at Sa Cella
colony and 0.669 (SE=0.082) and 0.769 (SE=0.093) at
Conills colony (Fig. 3). Eﬀort of recapture (indicated by
ef in the models, see Table 3), measured as number of
days spent at each colony each year, did not inﬂuence
recapture probabilities, neither as linear association
(Model 12) nor as quadratic eﬀect (Model 13). Random
eﬀects models were not well ranked suggesting that
sampling variance was small with respect to process
variance (Models 14 and 15). The weighted average of
adult survival estimate was 0.772 (SE=0.026, 95% CI:
0.711–0.823), showing that the estimate given by our
ﬁnally selected model was robust and reliable.
Using the demographic parameters estimated or set in
our study (see Table 4), the results of the deterministic
population model showed a declining trend (l=0.952),
Table 3
Capture–mark–recapture models and their AICc (Akaike Information
Criterion corrected by the quasi-likelihood parameter c) to estimate
adult survival of Balearic shearwaters
Model

AICc

AICc

Par

Deviance

1: f(c*t), p(c*t)
2: (.), p(c*t)
3: &tau;(c2*t), f(.), p(c*t)
4: f(c), p(c*t)
5: &tau;(c2), f(.), p(c*t)
6: f(t), p(c*t)
7: &tau;(c2*t), f(.), p(c*t)
8: f(c), p(t)
9: f(.), p(c)
10: f(c), p(c)
11: f(c), p(.)
12: f(.), p(c*ef)
13: f(.), p(c*ef2)
14: f(.), p(c*t)x
15: f(.), p(c*ef)x

1178.932
1172.317
1175.607
1174.400
1174.405
1177.767
1178.006
1214.235
1260.147
1260.166
1271.611
1254.664
1253.462
1909.156
1595.122

6.62
0.00
3.29
2.08
2.09
5.45
5.69
41.92
87.83
87.85
99.29
82.35
81.14
736.84
422.81

18
11
12
12
12
14
16
7
3
4
3
5
7
21.0
15.5

87.802
95.967
95.011
95.962
95.966
95.129
91.138
146.163
200.234
198.225
211.698
190.686
185.384
893.424
1591.136

Models are ranked according to deviance values. The AICc column
corresponds to the diﬀerence between the AICc of each model and the
AICc of the selected model, which is in bold. f is the apparent survival, p the recapture probabilities, t the transient probability, t stands
for the year eﬀect, c for the colony eﬀect (c2 indicates Conills colony)
and ef for the recapture eﬀort, measured in days of ﬁeld work by
breeding season; x shows the random eﬀects models. The number
appearing before model notation is used in the text to refer to diﬀerent
models (see Section 3).
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(e.g. Perrins et al., 1973; Warham, 1990), the mean trajectory increased slowly (l=1.0067, SE=0.001; Fig. 5)
and none of the population trajectories went extinct
(z=6.70, P < 0.001).

4. Discussion

Fig. 3. Recapture probabilities (and Standard Error, SE) of Balearic
shearwaters during the study: solid line shows the recaptures at Conills
colony and dashed lines recaptures at Sa Cella colony.
Table 4
Estimate and 95% conﬁdence intervals (CI) for demographic parameters used in the population models

Adult survival
Juvenile survival
Immature survival
Breeding success
Probability of skipping

Estimate

95% CI

0.78
0.70
0.74
0.59
0.26

[0.74–0.82]
[0.63–0.78]
[0.66–0.81]
[0.51–0.67]
[0.14–0.38]

and population growth rate was signiﬁcantly less than 1
(z=2.17, P < 0.01). The growth rate was most sensitive
to changes in adult survival, whereas the other parameters had a similar low impact on l (Fig. 4). Monte
Carlo simulations showed that population trajectories
decreased rapidly with time (Fig. 5), at the same rate but
inversely than extinction probabilities (Table 5). Demographic stochasticity played a more important role than
environmental stochasticity in population growth rate
(Table 5). With both stochasticities considered together,
mean extinction time was computed at 40.4 years
(SE=0.2), and mean growth rate showed a 7.41%
decrease per year (Table 5). When adult survival was set
to a higher value (0.90) more normal for Puﬃnus species

Fig. 4. Sensitivity of the population growth rate (l) to changes in the
various demographic parameters of the deterministic model for
Balearic shearwaters. Lines are truncated at the right when parameters
attained their maximum values (for instance, adult survival because a
28% increase resulted in 100% survival).

Results shown in our study conﬁrm that a general
decline is probably occurring for the whole population
of Balearic shearwaters (Arcos and Oro, in press). In
Cabrera Island, 60% of the colonies have disappeared
in the last few decades (Aguilar, 2000), while a recent
survey in Formentera Island (where ca. 50% of the
world population breeds) did not record any breeder in
all the 30 suitable caves (where remains of ancient
breeding were found) visited in a single cliﬀ (SEO,
unpublished data). The lack of a reliable estimate of
population size for the total world breeding population
of Balearic shearwaters is one of the main problems
when any population modelling is carried out. Even
though numbers of Balearic shearwaters were underestimated (which could be the case especially for the
non-breeding population) time to extinction would be
simply delayed (Wissel and Zaschke, 1994). The degree
of uncertainty is important for the reliability of population modelling (Hunter et al., 2000; Caswell, 2001;
Brook, 2000; Williams et al., 2002). However, population growth rates and probabilities of extinction are
independent of initial population sizes above a numeric
threshold for which demographic stochasticity does not
play a crucial role (Wissel and Zaschked, 1994). In our
study reliability of extinction probabilities and growth
rates are probably high because the most sensitive
parameter to population growth rate in the species,
adult survival, was estimated with a narrow conﬁdence
interval, which suggests that predictions of the models
were suﬃciently accurate (Brook, 2000; Hunter et al.,
2000). When breeding numbers are diﬃcult to estimate
as is the case for many Procellariiformes (Gilbert et al.,
1998; Heaney et al., 2002), estimation of demographic
parameters and their use in population modelling are
crucial to assess trends and to elaborate a conservation
diagnose of endangered species (Bibby, 1994; Beissinger
and Westphal, 1998; Russell, 1999; Caswell, 2001).
Moreover, the simulations included the diﬀerent values
of demographic parameter estimates, so the best case
scenarios were also considered. However, more years of
monitoring would provide more robust data on the
eﬀects of age on breeding (e.g. Hunter et al., 2000) or on
other parameters with a degree of uncertainty. Incorporating more data would also yield more robust survival estimates or would identiﬁed some environmental
(climate, food) or individual (sex, age) features inﬂuencing survival (e.g. Tavecchia et al., 2001; Weimerskirch,
2002). Large data sets have allowed researchers to refute
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Fig. 5. Simulated Monte Carlo population trajectories of Balearic shearwaters for the whole population. Solid line shows the mean trajectory with
estimated adult survival at the study colonies, and dashed line with a theoretical adult survival for the species of 0.90. Bars represent two times the
standard deviation (2 ) of the mean, and dots the maximum and minimum population value for each time step.
Table 5
Extinction probabilities for Balearic shearwater population simulations under the three scenarios considered: demographic and environmental stochasticity together, only demographic stochasticity, and
only environmental stochasticity [population growth rate l (and standard error in parentheses) is shown for the three scenarios]
Year of
Extinction probabilities
simulation
Environmental
Only demographic Only environmental
and demographic stochasticity
stochasticity
10
20
30
40
50
60
70
80
90
100

0.0000
0.0000
0.0150
0.5610
0.9520
0.9980
1.0000
1.0000
1.0000
1.0000

0.0000
0.0000
0.0000
0.0000
0.0200
0.3750
0.8150
0.9720
0.9950
0.9990

0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0250
0.1020
0.1524

l

0.926 (0.001)

0.949 (0.001)

0.974 (0.0035)

the general thought that adult survival in seabirds was
constant, and several studies have shown that survival can vary with time and with environmental factors especially during catastrophic events (e.g.
climatic and oceanographic anomalies) or with
humans activities (e.g. industrial ﬁsheries, oil spills;
see revision in Weimerskirch, 2002).

Results also suggest that the main conservation concern for Balearic shearwaters is adult survival, which is
unusually low for a Procellariiform (e.g. Warham, 1990;
Hamer et al., 2002; Weimerskirch, 2002). This demographic parameter should thus be managed to avert
extinction, as is found in most long lived endangered
species (e.g. Basse et al., 1997; Owens and Bennett,
2000). Other demographic parameters such as productivity or skipping breeding seemed normal for a
shearwater, although age of ﬁrst reproduction (3 years)
was younger than in most Procellariiformes. The most
likely sources of adult mortality are also the main conservation concern for most seabirds throughout the
world: at breeding sites, alien carnivores, and at feeding
grounds, by-catch on ﬁshing gears (mainly long lines)
(Weimerskirch et al., 1997; Brothers et al., 1999; Tasker
et al., 2000; Gilman, 2001). Predators are probably the
cause of historical extinction of Balearic shearwaters on
the main islands (e.g. Alcover, 2000) and are nowadays
aﬀecting large colonies such as those at Formentera
Island (Aguilar, 1997). The main predators are feral cats
(Aguilar, 2000; Mayol et al., 2000), a problem that
aﬀects many faunas at oceanic islands, where most
recent extinctions have occurred (e.g. Bloomer and
Bester, 1992; Bibby, 1994; Huyser et al., 2000; Risbey et
al., 2000; Keitt et al., 2002). It is important to note that
adult survival in our study was estimated in two colonies free of carnivores, and thus mortality was probably
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resulting from at-sea factors, and more likely ﬁshing
gears. Mortality of Balearic shearwaters in long lines at
the western Mediterranean is already suspected (Belda
and Sánchez, 2001; Cooper et al., in press), but its
impact is still unknown. Nothing is either known about
this threat during migration and at wintering quarters,
in regions where ﬁsheries are important (e.g. southwestern North Atlantic, western Africa), nor about
other factors such as oil spills or drops in food availability that aﬀect other shearwaters (Brichetti et al.,
2000; Baduini et al., 2001; Lovvorn et al., 2001).
Demographic stochasticity seems to play an important
role in population dynamics of Balearic shearwaters (see
Table 5), and more important than environmental stochasticity (Caswell, 2000, 2001). Factors increasing
adult mortality of Balearic shearwaters are probably
also aﬀecting other vulnerable seabird species breeding
in the Mediterranean and wintering in the Atlantic
Ocean, such as Levantine P. yelkouan and Cory’s
shearwaters Calonectris diomedea, European storm petrels Hydrobates pelagicus or Audouin’s gull Larus
audouinii.
Balearic shearwater is not yet among the list of European most threatened birds (Gallo-Orsi, 2001). Political and administrative acceptation of taxonomic and
conservation status by international conservation agencies is ﬁrst needed to implement an eﬀective action plan
for the species. Population viability analysis performed
in our study showed that probabilities of extinction are
extremely high. Extinction time estimated here classiﬁed
the species as critically endangered by IUCN (International Union for Conservation of the Nature) criterions,
the highest category for a species non extinct in the wild.
Urgent management measures (such as control of predators and reduction of mortality at ﬁshing gears) and
more years of monitoring to identify other threats are
needed to ensure the conservation of Balearic shearwaters and in turn of other seabird species endemic of
the Mediterranean region.
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