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ABSTRACT: While breeding, seabirds are limited to exploiting resources within a restricted area
around their breeding site and should exploit the closest productive marine areas within their distribution range. We investigated this hypothesis in one of the most endangered European seabirds, the
Balearic shearwater Puffinus mauretanicus (ca. 3200 breeding pairs), restricted to the Balearic
Islands. Our aims were (1) to assess whether isotopic evidence (i.e. stable isotopes of δ13C and δ15N)
of foraging habitat partitioning occurs among northern, central and southern populations, (2) to geographically locate population-specific potential foraging grounds along the Iberian continental shelf,
and (3) to assess whether oceanographic conditions could explain observed patterns of stable isotopes (SI). SI values showed a latitudinal gradient, with birds from the northern population having
lower δ15N and δ13C values than central and southern populations. Potential foraging grounds of
northern, central and southern populations were centred in Cape Creus, Ebro Delta and Cape La
Nao, respectively, results which were supported by habitat models. Oceanographic conditions in
each potential foraging ground were different; the northern population used richer, colder and
deeper waters compared to the central and southern populations. Chlorophyll a was the main
oceanographic variable that explained variation in SI values. We hypothesised that SI differences
among Balearic shearwater populations might be a consequence of differences in baseline isotopic
values among potential foraging grounds rather than real differences in diet. Our comprehensive
study also provides important information for management strategies to conserve this critically
endangered shearwater.
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Pelagic seabirds search widely for food in marine
ecosystems and are temporally- and energeticallyconstrained to exploit resources within a restricted
area around their nest sites while breeding (Orians &
Pearson 1979, Young et al. 2009). Most pelagic seabird
species breed in colonies located on remote islands
(Warham 1990), and intra- and inter-specific competi-

tion for food might promote trophic resource depletion
and ultimately affect breeding success, survival or
recruitment (Furness & Birkhead 1984, Hunt et al.
1986, Grémillet et al. 2004). Recent studies have shown
that trophic partitioning exists among sympatric seabird populations and is influenced by the distribution,
quality and availability of prey, as well as breeding
population size (Grémillet et al. 2004, Forero et al.
2005). Trophic partitioning can operate through habi-
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cies comprises the productive Iberian continental shelf
tat segregation or selection of different prey within the
and is influenced by oceanographic processes driving
same habitat, with individual factors such as sex and
the distribution and availability of their natural prey
age promoting spatial segregation of foraging grounds
(Louzao et al. 2006a, Bellido et al. 2008).
(Forero et al. 2005).
Our main aim was to assist conservation efforts by
Unravelling spatial distribution differences within
elucidating spatial connections between breeding and
and among species not only helps to understand the
foraging grounds. Specifically, our objectives were
ecological links between the components of marine
(1) to assess whether habitat partitioning occurs along
ecosystems; this also helps to identify conservation
the breeding range (northern, central and southern
gaps relative to human threats (Boersma 2008, Phillips
populations) based on SIA (δ13C, δ15N), (2) to locate
et al. 2009). For example, Young et al. (2009) showed
population-specific potential foraging grounds along
how Laysan albatrosses Phoebastria immutabilis
the Iberian continental shelf, and (3) to assess whether
breeding in 2 distant breeding populations in the
oceanographic conditions could explain observed patNorth Pacific showed differences in patterns of plastic
terns of SIs. We expected that Balearic shearwaters
ingestion relative to geographical segregation of foragmake foraging trips between the less productive
ing grounds. However, studying the at-sea distribution
waters around their breeding colonies and the highly
and foraging ecology of marine top predators is diffiproductive waters on the Iberian Mediterranean conticult because they forage over vast areas, and logistical
nental shelf (Louzao et al. 2006a, Louzao et al. 2009).
constraints limit the spatial and temporal coverage of
However, marine resources are patchily distributed
sampling programs. Recent ecological tools such as
along this continental shelf system and different mesoanalysis of stable isotope (SI) analysis (SIA), habitat
scale oceanographic features result in productivity
modelling and ocean remote sensing (Inger & Bearhop
hotspots in the Gulf of Lions, Cape Creus, offshore
2008, Louzao et al. 2009) provide new opportunities to
Barcelona, Ebro Delta and Cape La Nao (Fig. 1; Louzao
investigate the foraging ecology of marine predators.
et al. 2009). Within this context, we predicted that
Levels of SIs of nitrogen (δ15N) and carbon (δ13C) in tissues are good indicators of the trophic level and foragnorthern, central and southern populations would each
ing habitats, respectively, of marine predators (Forero
exploit the closest productive marine areas within the
& Hobson 2003). Moreover, the isotopic variability
Iberian continental shelf. We also expected different SI
found in marine species can be explained by
specific oceanographic conditions due to habitat
preferences (c.f. Phillips et al. 2009) since productive areas related with terrestrial inputs (e.g.
river run-offs) might present different isotopic
signatures compared to marine-driven productivity areas (e.g. upwelling). Similarly, habitat
use models help explain species– habitat relationships through robust mathematical descriptions and can indicate the oceanographic features primarily associated with seabirds (Louzao
et al. 2006a). Furthermore, habitat models can
be used to predict the most likely pelagic
habitats used in both time and space (Guisan
& Zimmermann 2000).
In the present study, we focused on one of
the most endangered European seabirds, the
Balearic shearwater Puffinus mauretanicus,
which breeds only on the Balearic Islands in the
western Mediterranean Sea. Due to its small
(ca. 3200 breeding pairs) and declining population (7.4% decrease per year; Oro et al. 2004),
Fig. 1. Puffinus mauretanicus. Study area showing the locations (black
this pelagic species is currently listed as Criticircles) of the 4 breeding colonies studied (1 northern, 2 central populations and 1 southern), the presence probability based on the habitat
cally Endangered on the IUCN Red List (BirdLife
model (Louzao et al. 2006a), and the limits of the potential foraging
International 2008, Arcos 2011). Balearic sheargrounds (PFGs) of northern (solid lines), central (dashed lines) and
waters breed in scattered colonies, ranging from
southern (dotted lines) populations. Depth is represented by the isoca. 5 to 300 breeding pairs (Ruiz & Martí 2004).
baths of 200 m at the limit of the continental shelf (thin solid line) and
2000 m (thin dotted line)
During breeding, the foraging range of the spe-
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signatures of individuals feeding in different areas,
mainly related to water mass characteristics influencing baseline isotopic values (Barnes et al. 2009). The
workflow of the present comprehensive ecological
study is described in Fig. S1 Supplement 1 at www.intres.com/articles/suppl/m429p291_supp.pdf. Finally, we
discussed the implications of our results for the conservation of this species.

MATERIALS AND METHODS
Sampling procedures. During the breeding period of
2003, we sampled blood from several adults at 4 breeding populations covering the worldwide breeding
range of the Balearic shearwater (Fig. 1, Table 1): one
northern population (Mola de Maó on Menorca, MOL),
2 central populations (Sa Cella and Conills on Mallorca, CEL and CON respectively, ca. 18 km apart) and
one southern population (Conillera in Eivissa, EIV).
The linear distance between northern and central populations was larger (ca. 200 km) than the distance between central and southern populations (ca. 120 km).
We sampled a total of 29 males and 21 females once at
the end of the incubation period (Table 1). For each
individual, we took 0.5 ml of blood from the brachial
vein. The blood was stored in 70% ethanol and was
used for both molecular sexing and SIA of δ15N and
δ13C. The extraction of lipids was considered unnecessary for blood samples because the lipid component
in blood is generally very low (Deuel 1955). For a
medium-sized bird such as the Balearic shearwater,
Table 1. Puffinus mauretanicus. Summary of δ15N and δ13C
values (mean ± SD) in blood of adult Balearic shearwaters
during the incubation period of 2003. MOL: northern population from Mola de Maó; CEL: central population from Sa
Cella; CON: central population from Conills; EIV: southern
population from Conillera
n

δ15N

δ13C

MOL
Males
Females

15
9
6

9.33 ± 0.19
9.19 ± 0.31
9.55 ± 0.35

–19.31 ± 0.04
–19.37 ± 0.05
–19.19 ± 0.06

CEL
Males
Females

21
12
9

9.91 ± 0.12
9.76 ± 0.16
10.12 ± 0.19

–18.78 ± 0.10
–18.86 ± 0.11
–18.68 ± 0.17

CON
Males
Females

8
3
5

9.98 ± 0.16
10.37 ± 0.31
9.74 ± 0.12

–19.35 ± 0.12
–19.01 ± 0.08
–19.55 ± 0.11

EIV
Males
Females

6
5
1

10.47 ± 0.33
10.61 ± 0.37
9.81

–18.67 ± 0.28
–18.54 ± 0.31
–19.34
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the isotope values of the whole blood integrate the
dietary information of the previous 3 to 4 wk (Hobson
& Clark 1992). Thus, SI values of adults integrated the
diet information over the incubation period.
To test for differences in SI values among breeding
populations, we used General Linear Models (GLMs)
including SIs as response variables, sex and breeding
populations as explanatory variables, and their interactions within the R environment (R Development
Core Team 2009). Assuming that both isotopes followed a normal distribution, models were fitted with a
Gaussian error distribution (identity link) and were
ranked based on their Akaike Information Criteria values corrected for small sample sizes (AICc). The model
with the lowest AICc is considered the best compromise between model deviance and model complexity.
When models are within 4 points of AICc, they are considered statistically equivalent (Williams et al. 2001).
In this case, we chose the most parsimonious model
having the lowest number of parameters.
Identifying population-specific potential foraging
grounds. To determine whether any isotopic evidence
of foraging habitat partitioning was present, we
first identified population-specific potential foraging
grounds over the Iberian continental shelf based on a
theoretical search radius. Second, potential foraging
grounds were validated by means of predictive habitat
models and those potential foraging grounds were
characterised oceanographically. Finally, we applied a
resampling procedure to link oceanographic conditions
to SI values.
Potential foraging grounds: We established a potential search radius of 250 km, given the dispersal capacities of other Puffinus species. For instance, the maximum flying speed of the closely related Manx
shearwater Puffinus puffinus is 50 km h–1 (Guilford et
al. 2008), which means that Balearic shearwaters would
only need 5 h to travel 250 km from their nests. Moreover, the maximum foraging range of other Puffinus
species does not exceed 300 km (Powell 2009). The core
of each potential foraging ground was established by
the minimum distance between each breeding population (MOL, CEL and EIV) and the Iberian shelf edge
(200 m depth) within a potential maximum foraging
range of 250 km. Only the geographical location of CEL
was considered as representative for central populations, given the short distance between this breeding
site and CON. The latitude at which the distance between each breeding population and the shelf edge
exceeded 250 km defined the limits of each potential
foraging ground.
Oceanographic habitat models: We overlapped the
limits of the potential foraging grounds and predictions
of the habitat model of Balearic shearwaters (Louzao
et al. 2006a) to assess whether potential foraging
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grounds were highly suitable habitats for each breeding population. The oceanographic habitat of the
Balearic shearwater was characterised during the
chick-rearing period (May to June) in a previous study
along the Mediterranean coast of the Iberian Peninsula
(details in Louzao et al. 2006a). Observations of
Balearic shearwaters were made during 1999, 2000,
and 2002 using standardised strip-transect techniques
with a 300 m strip-width transect band and snapshot
counts of flying birds. All Balearic shearwaters observed within the survey transect were recorded. We
used a hierarchical modelling approach to identify
those environmental variables that most accurately reflected the oceanographic habitat of this species by delineating its foraging range using presence/absence
data. The foraging range comprised the frontal systems along the eastern Iberian continental shelf waters
(depth > 200 m) and areas close to the breeding colonies in the Balearic Islands. Finally, predictive habitat
models were used to estimate shearwater occurrence
probability in the entire western Mediterranean basin
(Fig. 1). Predictive models matched the foraging range
described by the observed data and also identified the
waters close to the breeding colonies in the Balearic
Islands as potentially suitable habitat for the Balearic
shearwater. We assumed that Balearic shearwaters
visit the same foraging grounds as Cory’s shearwaters
Calonectris diomedea (Louzao et al. 2009) during incubation and chick-rearing stages.
Oceanographic characterisation of potential foraging grounds: To characterise the foraging grounds, the
oceanographic variables that were most relevant from
a biological point of view were extracted for the western Mediterranean from online databases provided
by the Environmental Research Division, Southwest
Fisheries Science Center and US National Marine
Fisheries Service (http://coastwatch.pfel.noaa.gov/
coastwatch/CWBrowserWW180.jsp). Dynamic oceanographic variables such as sea surface temperature
(SST,°C; proxy for water mass distribution) and chlorophyll a concentration (chl a, mg m– 3; surrogate of
marine productivity) were extracted from SEAWIFS
and PATHFINDER data, respectively. Dynamic variables were obtained for March 2003 to match the SI
data for the incubation period that year. Static variables such as bathymetry (m; proxy for coastal versus
pelagic domains) were extracted once. All variables
were aggregated to match the standard grid of 0.1° cell
size. Additionally, we estimated their spatial gradients
by estimating their proportional change (PC) within a
surrounding 3 × 3 cell (0.1° × 0.1°) grid using a moving
window as follows: PC = [(maximum value – minimum
value) × 100] / (maximum value). This dimensionless
metric expresses the magnitude of change in each
habitat variable, scaled to the maximum value (e.g.

Louzao et al. 2009). The spatial gradients of chl a and
SST indicate the presence of frontal systems, whereas
the gradient of bathymetry reflects the presence of
topographic features (e.g. shelf break or seamount).
Finally, the 6 environmental variables were extracted
over the Iberian continental shelf corresponding to the
latitudinal limits of each potential foraging ground. We
tested whether the oceanographic conditions of the
potential foraging grounds were similar based on the
non-parametric Kruskal-Wallis test.
Links between SI values and oceanography: We
linked oceanographic variables to the SI values of 15,
21 and 6 shearwaters sampled from MOL, CEL and
EIV, respectively. Only CEL was included as representative of central populations given the relatively short
distance between CEL and CON. First, we randomly
selected 25 values of the 6 oceanographic variables
(SST, chl a, bathymetry and their spatial gradients) of
the corresponding potential foraging ground (see Supplement 2 at www.int-res.com/articles/suppl/m429
p291_supp.pdf). This value (25) was selected as the
minimum sample size necessary to reproduce median
values of oceanographic variables in each potential
foraging ground (see Supplement 2). Then, we estimated the median value of each oceanographic variable. This first step was repeated, as several SI values
were available for each breeding population (e.g. 15
shearwaters were sampled from the northern population, and each shearwater was represented by 2 isotope values, δ15N and δ13C, totalling 30 values). Second, we linked the median values of oceanographic
variables to values of both isotopes of the corresponding population. This procedure was applied to each of
the northern, central and southern populations.
We assessed the influence of oceanographic variables on the values of δ15N and δ13C of each breeding
population based on GLMs. Oceanographic variables
were normalised, and strongly ‘correlated’ (| rs | > 0.5)
predictors were identified by means of pair-wise
Spearman rank correlation coefficients for avoiding
colinearity and related problems with parameter estimations (Zuur et al. 2007). When pairs of predictor
variables were strongly correlated, we discarded one
of the redundant variables by ranking models with
only one variable (fitted with a Gaussian error distribution and identity link) by their AICc value. To
assess the effect of oceanographic variables and population on SIs, we used GLMs including SI values as
response variables and oceanographic variables as
explanatory variables. We also included the quadratic
term of oceanographic variables to account for potential non-linear relationships between SIs and explanatory variables, typically found in nature (Quinn
& Keough 2002). Models were ranked based on their
AICc values.
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Isotopic evidence of foraging habitat partitioning
We only tested the effect of sex in 3 of the breeding
populations due to the small number of individuals
sampled at the southern population (see EIV in
Table 1). The results showed that only breeding site
explained the variability in δ15N and δ13C values
(Table 2). Overall, there was an increase in δ15N values
of blood of individuals from northern (MOL) to southern (EIV) populations, with central populations being
similar (Table 3). On the contrary, 2 assemblages were
Table 2. Puffinus mauretanicus. Results from the GLM models
for δ15N and δ13C values in blood of adult Balearic shearwaters during the incubation period of 2003. The southern population (EIV) was not included when testing the sex effect due
to small sample size. Models were compared and ranked
based on their Akaike Information Criteria values corrected
for small sample sizes (AICc). Selected models are in bold. np:
number of parameters estimated in the model
Model

np

AICc

δ15N
Population
Null
Sex
Population + Sex
Population × Sex

3
1
2
4
6

95.42
95.62
98.50
98.85
103.66

δ13C
Population
Population + Sex
Population × Sex
Null
Sex

3
4
6
1
2

47.85
52.03
54.23
59.09
63.27

Table 3. Puffinus mauretanicus. Summary statistics of the selected GLM model in Table 2 for explaining δ15N and δ13C
values in blood of adult Balearic shearwaters during the incubation period of 2003. Categorical variables were calculated relative to the first category (indicated by null values of
the estimated parameter and standard error). See Table 1 for
population abbreviations
Variable
δ15N
Intercept
CEL
CON
MOL
EIV
δ13C
Intercept
CEL
CON
MOL
EIV

Estimated
parameter

SE

t

9.92
0.00
0.06
–0.58
0.55

0.14
0.00
0.27
0.22
0.30

69.71
0.00
0.23
–2.63
1.83

Pr (> |t |)

identified for δ13C values: EIV–CEL and CON–MOL.
Individuals sampled in MOL showed lower values of
both δ15N and δ13C (Tables 1 & 3, Fig. 2).

Population-specific potential foraging grounds
The location of potential foraging grounds differed
in relation to breeding site position (Fig. 3). For the
northern population, the minimum distance to the continental shelf (212 km) was at 41.6° N and with a narrow latitudinal range on their potential foraging
ground located between Cape Creus and north of the
Ebro Delta. Even if the latitudinal range were much
wider, the cores of the potential foraging grounds of
central and southern populations were centred in the
Ebro Delta and Cape La Nao at ca. 119 and 69 km from
their breeding sites, respectively.
The probability of presence of shearwaters showed
an increasing latitudinal trend from north to south with
2 peaks around Ebro Delta and Cape La Nao, which
matched the centres of the potential foraging grounds
of central and southern populations (Fig. 4). The potential foraging grounds of 3 breeding populations overlapped with high values of chl a, and the spatial gradients of chl a and SST (i.e. indicative of the presence of
frontal systems; Fig. 5). Within the potential foraging
ground of the northern population, probability of presence was higher in the southern part, likely corresponding to the presence of the frontal systems in that
area (Figs. 4 & 5). Thus, the probability of presence of
shearwaters proved to be useful in confirming that
each breeding population exploited their closest productive area.
11.0

10.0

9.5

< 0.001
0.000
0.8228
< 0.05
0.074

EIV

10.5

δ15N (‰)

RESULTS

CON

CEL

MOL

9.0
–19.8 –19.6 –19.4 –19.2 –19.0 –18.8 –18.6 –18.4 –18.2

δ13C (‰)
–18.790
0.00
–0.56
–0.51
0.11

0.09
0.00
0.17
0.14
0.19

–206.62
0.00
–3.25
–3.65
0.60

< 0.001
0.000
< 0.01
< 0.001
0.555

Fig. 2. Puffinus mauretanicus. Mean (± SE) stable isotope values of incubating adults from different breeding locations:
northern (dark grey MOL), central (light grey CEL, CON)
and southern (white EIV) populations. See Fig. 1 caption for
population abbreviations
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Latitude (ºN)

Northern
43.1
42.9
42.7
42.5
42.3
42.1
41.9
41.7
41.5
41.3
41.1
40.9
40.7
40.5
40.3
40.1
39.9
39.7
39.5
39.3
39.1
38.9
38.7
38.5
38.3
38.1
37.9
37.7
37.5
37.3
37.1
36.9

Central

Southern

Cape Creus

Cape Creus

Cape Creus

42.1°N
41.7°N

41.6°N
41.1°N

41.1°N
Ebro Delta

Ebro Delta

Ebro Delta

40.2°N

Cape La Nao

38.9°N

Cape La Nao

Cape La Nao

38.3°N

Cape Palos

0

200

400

600 0

Cape Palos

200

400

600 0

37.5°N

200

400

Cape Palos

600

Distance to continental shelf (km)
Fig. 3. Puffinus mauretanicus. Mean (± SE) distance between northern, central and southern populations and the limit of the continental shelf at a depth of 200 m along the latitudinal axis of the study area. Only CEL was included as representative of central
populations given the relatively short distance between CEL and CON. The centre of the potential foraging ground was identified by the minimum distance (grey dashed line) and its range by the limit of the search radius of 250 km (black dashed lines).
See Fig. 1 for locations of geographic reference points listed

Oceanographically, each breeding population exploited distinct potential foraging grounds, highlighted
by chl a (Kruskal-Wallis test, H2, 669 = 86.29, p < 0.001),
SST (H2, 669 = 134.63, p < 0.001) and its gradient (H2, 669
= 18.23, p < 0.001), and bathymetry (H2, 669 = 27.21, p <
0.001) and its spatial gradient (H2, 669 = 12.82, p < 0.01;
Fig. 6). However, the chl a gradient did not differ
among potential foraging grounds. Oceanographic
conditions of each potential foraging ground differed
showing a latitudinal gradient; the northern population exploited richer (high chl a concentration), colder
and deeper waters compared to central and southern
populations.
When linking SIs with oceanographic variables, we
did not consider the chl a gradient since it did not differ
among potential foraging grounds. The uncorrelated
variable for explaining both SIs was only chl a and we
developed all possible combinations of models. We
found that only the linear positive effect of chl a was im-

portant in explaining the observed variation in δ15N and
δ13C values (models with lowest AICc value; Table 4).
Individuals of northern, central and southern populations exploited potential foraging grounds of higher,
intermediate and lower chl a values, respectively
(Table 5, Fig. 6 and Fig. S3 in Supplement 3 at www.intres.com/articles/suppl/m429p291_supp.pdf).

DISCUSSION
By comparing SI values, habitat models and oceanography, we provided important information on the foraging ecology of the Balearic shearwater. SI values of
shearwaters varied with latitude in relation to the location of the breeding site, which suggested that each
population exploited geographically separated foraging grounds; birds from the northern population had
lower δ15N and δ13C values, followed by intermediate

Latitude (°N)

Louzao et al.: Geographical segregation of foraging Balearic shearwaters

43.5
43.3
43.1
42.9
42.7
42.5
42.3
42.1
41.9
41.7
41.5
41.3
41.1
40.9
40.7
40.5
40.3
40.1
39.9
39.7
39.5
39.3
39.1
38.9
38.7
38.5
38.3
38.1
37.9
37.7
37.5
37.3
37.1
36.9

Cape Creus

Ebro Delta

Cape La Nao

Cape Palos

0.0

0.2

0.4

0.6

Presence probability

0.8

Fig. 4. Puffinus mauretanicus. Mean (± SE) probability presence of Balearic shearwaters within the Iberian continental
shelf along the latitudinal axis of the study area. The centre
(dashed line) and range (solid line) of the potential foraging
grounds are indicated for northern (dark grey), central (light
grey) and southern (black) populations. See Fig. 1 for location
of geographic reference points listed

and higher values in central and southern populations,
respectively. Both δ13C and δ15N values have been
used to distinguish foraging habitats of seabirds
(Forero et al. 2004, Cherel & Hobson 2007). Intraspecific isotopic variability can largely be attributed to
differences in diet composition or exploitation of different foraging grounds that have different baseline isotopic values (Rubenstein & Hobson 2004, Forero et al.
2005, Gómez-Díaz & González-Solís 2007, Votier et al.
2010). Several pieces of evidence point to varying isotopic baselines (i.e. oceanographic conditions) among
foraging grounds rather than differences in diet. First,
the main 2 trophic resources of Balearic shearwaters
(e.g. small pelagic fish and trawling discards; see
Navarro et al. 2009, Käkelä et al. 2010) are widely distributed throughout the western Mediterranean basin
(Carbonell et al. 1998, Bellido et al. 2008). Even if
the patterns of movement of Balearic shearwaters are
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influenced by trawling activity (Bartumeus et al. 2010),
the spatial location of their foraging grounds might not
change due to the overlap of marine productivity
hotspots (including small pelagic fish) and main fishing
grounds along the Iberian continental shelf (Demestre
et al. 1988, Estrada 1996). Second, isotopic values of
small pelagic fishes change along the Iberian continental shelf (Ramos et al. 2009), which may be explained by the natural geographic variation in the
baseline isotopic values relating to water properties
(e.g. Barnes et al. 2009, Graham et al. 2010). In fact, the
western Mediterranean is characterised by a latitudinal gradient in chl a and SST values of oceanic waters
(i.e. more productive and cooler in the Gulf of Lions
than in Cape Palos), whereas coastal waters show productivity hotspots in Cape Creus, Ebro Delta and Cape
La Nao (Sabatés et al. 2006, Bellido et al. 2008, Gordoa
et al. 2008). Moreover, SI values of other marine top
predators also show overall latitudinal gradients explained by the exploitation of different water masses
along the Southern Ocean, showing increasing negative δ13C values with decreasing SST and lower nutrient availability (Bailleul et al. 2010).
Oceanographic habitat models of shearwaters not
only supported our hypothesis of geographical segregation of foraging grounds, they also helped to better
define the most likely potential foraging grounds of
northern, central and southern populations. Potential
foraging grounds were influenced by the main mesoscale oceanographic features enhancing ocean productivity in the western Mediterranean basin (Louzao
et al. 2006a), since all 3 potential foraging grounds
overlapped with maximums of both chl a and SST spatial gradients. Overall, the marine Northern Current
flows along the continental slope from the Ligurian
Sea to the south of the Eivissa Channel, transporting
nutrient-rich waters southwards (Millot 1999, Arnau et
al. 2004). Specifically, the narrow potential foraging
ground of the northern population could be explained
by the mesoscale eddies (Arnau et al. 2004) and submarine canyons (Palanques et al. 2005), which increase
localised productivity and aggregate small pelagic
fishes in a predictable manner (Bellido et al. 2008). The
wider latitudinal range of the central population was
centred at the Ebro Delta, where river run-off and cold
winds enrich surface waters and make this area one of
the most productive regions — a major fish spawning
area, especially for small pelagic fishes — and where
important fishing fleets operate within the western
basin (Estrada 1996, Sabatés 1990, Coll et al. 2006, Bellido et al. 2008). The potential foraging ground of the
southern population was centred in Cape La Nao probably due to the presence of important frontal structures
related to confluence of different water masses of
Atlantic and Mediterranean origin (Fig. 5, Millot 1999).
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Fig. 5. Puffinus mauretanicus. Oceanographic characterisation of the study area in March 2003 showing (a) chl a concentration,
(b) chl a gradient, (c) SST, (d) SST gradient (m), (e) bathymetry and (f) bathymetry gradient relative to the limits of the potential
foraging grounds of northern (solid black line), central (dashed black line) and southern (dotted black line) populations. Spatial
gradients are estimated within a surrounding 3 × 3 cell (0.1° × 0.1°) grid using a moving window. See ‘Materials and methods:
Oceanographic characterisation of potential foraging ground’ for further explanation
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Breeding Balearic shearwaters likely
use the same foraging grounds year after year as the western Mediterranean
is characterised by a relatively stable
coastal circulation, and overall chl a
values may not differ greatly between
years (Gordoa et al. 2008). In fact, the
location of resources at large and intermediate scales appears reasonably
predictable for pelagic seabirds over
long time periods in the Mediterranean
because they associate to the same
mesoscale features along the Iberian
continental shelf during different years
(Arcos & Oro 2002, Abelló et al. 2003,
Louzao et al. 2006a, Louzao et al. 2009).
The use of tracking devices may link
foraging trip characteristics to fitness
parameters such as breeding performance. Individuals that have to travel
longer distances may experience lower
reproductive success (Boersma & Rebstock 2009).
Our comprehensive study also provided important information for management strategies to assist the conservation of this shearwater; we estimated
for the first time the spatial location of
the potential foraging grounds of
northern, central and southern populations along the Iberian continental
shelf. Given the delicate status of this
Fig. 6. Puffinus mauretanicus. Oceanographic characterisation of the potential
population, marine zoning measures
foraging grounds of northern, central and southern populations over the Iberian
may greatly benefit the conservation of
continental shelf indicated by box plots of median (thick black horizontal lines),
the Balearic shearwater by extending
25–75% interquartile range (horizontal limits of boxes), and non-outlier range
(horizontal limits of dashed lines): (a) chl a concentration, (b) chl a gradient,
protective measures beyond the
(c) SST, (d) SST gradient, (e) bathymetry, and (f) bathymetry gradient
breeding sites. In fact, potential foraging grounds, such as those centred in
15
13
Cape
Creus,
Ebro
Delta and Cape La Nao, could conTable 4. Puffinus mauretanicus. Modelling δ N and δ C values in blood of Balearic shearwaters to randomly assigned
stitute a network of Marine Protected Areas (MPAs),
oceanographic variables based on GLMs. Models were comand they have been recently identified as marine
pared and ranked based on their Akaike Information Criteria
Important Bird Areas (IBAs) for the conservation of the
values corrected for small sample sizes (AICc). Selected models
western Mediterranean seabird community (Arcos et
are in bold. CHL: chl a; np: number of parameters estimated in
al. 2009). Within the potential foraging grounds, other
the model
more diffuse protective measures could be implemented, such as a compulsory fishery observer proModel
np
AICc
gram to record potential bycatch in bottom longline
δ15N
fisheries and the study of potential impacts of wind
CHL
2
97.58
farms over the continental shelf region. Evidence
2
3
100.28
CHL + CHL
exists that Balearic shearwaters are incidentally
Null
1
102.04
caught in bottom longline, (Arcos et al. 2008, ICES
δ13C
2008, Louzao et al. in press), and trawling activity
CHL
2
54.21
could influence this probability (Laneri et al. 2010).
3
57.79
CHL + CHL2
Moreover, reducing fisheries bycatch in bottom longNull
1
65.14
lines is still the key factor in the conservation of the
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Table 5. Puffinus mauretanicus. Summary statistics of the
selected GLM model in Table 4 for explaining δ15N and δ13C
values in blood of adult Balearic shearwaters to randomly
assigned oceanographic variables. CHL: chl a
Variable

Estimated
parameter

SE

t

Pr (> |t |)

δ15N
Intercept
CHL

9.79
–0.33

0.11
0.11

90.55
–3.03

< 0.001
< 0.001

δ13C
Intercept
CHL

–18.96
–0.270

0.06
0.06

–293.79
–4.16

< 0.001
< 0.001

species (Oro et al. 2004, Louzao et al. 2006b), in addition to removing threats related to introduced predators in some accessible colonies. Unfortunately, not
much effort has been directed at obtaining detailed
local information on seabird mortality at national or
European levels and, in turn, the spatio-temporal window of the interaction between bottom longlines and
Balearic shearwaters is not well known. Thus, we
emphasize the urgent need to assess the interaction of
shearwaters with longline fishery within their foraging
grounds during breeding in the western Mediterranean, and also recommend assessment during the
post-breeding period along the Mediterranean and
North Atlantic.
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