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Abstract Most seabird species display colonial behavior during the breeding period which implies that food resources around
breeding sites can easily go depleted. Seabirds need to both reach profitable areas, which can be located far from the colony, and
return to the colony regularly. In this context, flexibility in movement behavior may be crucial for breeding success. During
chick-rearing, Procellariformes species can alternate short trips lasting 1-4 days for chick provisioning with longer trips for
self-provisioning in what has been called a dual-foraging strategy. We analyzed foraging trips from 136 Scopoli’s shearwaters
from three Mediterranean colonies tracked with GPS during 6 chick-rearing seasons to assess whether the adoption of a dual fo-
raging strategy depends on the quality of habitat surrounding the colony. We found a marked dual-foraging strategy only in birds
from the Linosa colony which was the largest colony in terms of breeding pairs and was characterized by having a lower marine
habitat quality. Birds from this colony performed foraging trips that extended up to 369 km from the nest and lasted more than 10
days. In general, the decision to perform long lasting trips was triggered by lower values of primary production and higher
offspring weight. Contrary to expectation, the decision to feed far from the colony was not related to the parents’ weight. At the
same time, despite the higher productivity offered by distant areas, the higher proportion of long trips performed by birds breed-
ing in poor areas was not sufficient to maintain the same body mass as the ones breeding in richer areas [Current Zoology 60 (5):

622-630, 2014].
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Several of the life-history traits of Procellariformes,
such as the ability to accumulate a large amount of fat,
the slow growth of the single offspring, and the pro-
longed nestling period, are result of adaptations to an
unpredictable environment (Ricklefs et al., 1985; Boers-
ma and Parish, 1998). In particular, the difficulty to de-
liver food to their chick is likely the main reason for the
low reproductive rate of these long-lived pelagic sea-
birds (Lack, 1968; Ricklefs, 1983). During the breeding
period, procellariform species are colonial and central
place foragers which implies that food resources around
breeding sites can easily go depleted (Ashmole, 1963).
Consequently, the accessibility of feeding areas can be
inversely related to their distance from the colony
(Orians and Pearson, 1979; Matthiopoulos, 2003). Dur-
ing chick-rearing, parents need to match the exigency to
reach profitable areas, returning to the colony regularly
to feed the chick, and maintaining their own good
physical condition at the same time. To face all these
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constraints, breeding birds belonging to several procel-
lariform populations alternate short foraging trips last-
ing 1-4 days for chick-provisioning with longer trips
(>4 days) for self-provisioning in what has been called a
dual foraging strategy (Weimerskirch et al., 1994).
Adopting this strategy, birds manage to exploit profita-
ble areas located at great distance from the colony every
so often (Paiva et al., 2010a; Cecere et al., 2013). It is
still debated whether breeding partners are able to coor-
dinate themselves or not in the alternation of short and
long lasting foraging trips in order to prevent leaving
their offspring unfed for a long period (Magalhaes et al.,
2008). Despite the alternation of short and long trips by
both parents, which implies that food is not delivered to
the chick every night, it has been found that in Cory’s
shearwaters Calonectris borealis, both the chick provi-
sion rates (grams per night) and the mass growth of the
chick are very similar between the colonies where
breeders adopt the dual foraging strategy and colonies
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where birds perform only short trips (Magalhdes et al.,
2008). This means that during long lasting foraging trips,
Cory’s shearwaters exploit areas so profitable as to al-
low themselves to both restore their own physical con-
dition and obtain larger meals for their offspring (Grana-
deiro et al., 1998; Magalhaes et al., 2008).

Energy stored by breeders during long trips may
cover the costs of searching for food during successive
short trips trough poorer habitats as has been demon-
strated in the Sooty shearwaters Puffinus griseus breed-
ing around New Zeland (Weimerskirch 1998) and the
Wedge-tailed shearwaters Puffinus pacificus breeding in
Australia (Congdon et al., 2005).

The dual foraging strategy is described for several
Oceanic populations belonging to different procellari-
form species and recently for the Scopoli’s shearwater
breeding in the Mediterranean (Cecere et al., 2013).
Nevertheless, a limited number of studies assessed the
factors influencing the presence of a dual foraging
strategy in a population. Comparing movement patterns
of Cory’s shearwaters breeding in different Oceanic
environments, Paiva et al. (2010b) showed that the dual
foraging strategy mainly occurs in colony surrounded
by areas characterized by low habitat quality. This evi-
dence is supported by a previous study (Navarro and
Gonzalez-Solis, 2009) which showed that Cory’s shear-
waters breeding on Gran Canaria, located at 150-250
km (a distance which can be covered in few days by
shearwaters) from the high profitable African continen-
tal shelf, showed an unimodal distribution of the fora-
ging trip durations. In accordance with this studies, Riou
et al. (2011) found that a population of Manx shearwa-
ters Puffinus puffinus breeding in SW Walles switched
to a dual foraging strategy in 2007 and 2008 contrary to
previous years probably as a consequence of a reduction
in prey abundance and habitat quality. Within popula-
tions adopting the dual foraging strategy, Weimerskirch
(1998) showed that in breeding Sooty shearwaters, the
decision to perform long trips depends only on the de-
cline of the adult’s body mass. On the other hand, Ochi
et al. (2010) showed that Streaked shearwaters Calo-
nectris leucomelas breeding around Japan this decision
also depends on chick body condition, but in the oppo-
site way (i.e. the worst the chick's body condition, the
less the number of long foraging excursions their par-
ents perform).

Negative effects of dual foraging strategies on pa-
rents have never been investigated. However, since
shearwaters use this strategy only under particular con-
ditions, it is reasonable to imagine negative short-term

(e.g., physiological stress, weight) and/or long-term (e.g.,
survival, lifetime fitness) consequences on breeders.

In this study, we analyzed for the first time to our
knowledge, movement patterns of shearwaters during
chick-rearing while taking into account both the body
mass condition of breeders and offspring and the quality
of the habitat surrounding the colony. To pursue this
goal, we analyzed foraging tracks from 136 Scopoli’s
shearwaters breeding in three different Mediterranean
colonies.

We approached the topic investigating foraging move-
ments and related physical and habitat conditions at two
different scales. At individual scale, we expected long
lasting trips to be triggered by lower values of primary
productivity around the colony (Riou et al., 2011), good
body condition of the offspring (Ochi et al., 2010) and a
decrease in parental body mass (Weimerskirch, 1998;
Ochi et al., 2010). On the other hand, to investigate the
consequences of performing a dual foraging strategy on
offspring growth and parental body condition we ana-
lyzed foraging movements at population scale. Since
long foraging trips should demand higher energetic
costs than short trips, we expected the breeders to have
a lower average weight in populations performing a
higher proportion of long lasting trips, while we did not
expect any negative effects on offspring growth (Ma-
galhaes et al., 2008).

1 Materials and Methods

1.1 Study areas

The study was carried out during 6 chick-rearing
seasons at three Mediterranean colonies: the island of
Linosa in 2008, 2009, and 2012, the Tuscan Archipela-
go in 2010 and 2011, and the La Maddalena Archipela-
go in 2013 (Fig. 1). Linosa, located in the Tunisian Pla-
teau/Gulf of Sidra region between Sicily, Tunisia, and
Libya, hosts one of the biggest colonies of Scopoli’s
shearwaters in the Mediterranean with an estimated
10000 breeding pairs (Baccetti et al., 2009). The Tuscan
Archipelago is located in the Tyrrhenian Sea between
Tuscany and Corsica, and on the whole, it hosts 200—
500 pairs (Baccetti et al., 2009); the fieldwork was car-
ried out on the islet of La Scola that is the island with
the larger number of breeding pairs (60—100). La Mad-
dalena Archipelago is located between Sardinia and
Corsica, and it hosts 400-1000 pairs (Baccetti et al.,
2009); fieldwork was carried out on the islets of Spar-
giotto (120—-180 pairs) and Barettini (50-100 pairs).

All the fieldwork was carried out between July and
August during the early chick-rearing of Scopoli’s
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Fig. 1 Foraging trips performed by 83 GPS tracked
Scopoli’s shearwaters breeding on Linosa island (Southern
star), 32 from the La Maddalena Archipelago (Western
star), and 21 from the Tuscan Archipelago (Northern star)
during chick-rearing

shearwater. In Table 1, we report the starting and ending
dates of each field season.
1.2 GPS Logger deployment

We located shearwater nests by inspecting crevices
and burrows. Breeding birds were caught at night just
after they had fed their chick. Birds were weighed and
sexed by using their sex-specific vocalizations or by the
sex determination of their partner. The mini-GPS logger
was attached to the back feathers using 3—4 strips of
Tesa® marine cloth tape (Tesa SE, Hamburg, Germany).
We used three types of mini-GPS loggers: one by Earth

Table 1 Summary data of the six field seasons

& Ocean Technologies (Kiel, Germany) weighing 19.4
grams (with a battery of 500 mA) and two different
types by Technosmart (Guidonia, Italy) weighing 11.9
and 9.8 grams with two different batteries (500 and 250
mA respectively). The deployment of lighter GPS log-
gers allowed us to track lighter birds despite the shorter
life-span of these devices. Device weight was always
less than 3% of the bird’s weight, following current
recommendations (Phillips et al., 2004; Passos et al.,
2010). All GPS loggers were configured to record both
the position and the instantaneous speed of the bird
every 10 minutes.

Before releasing a tagged bird, we weighed its chick.
Total handling time was kept below 10 minutes, and
birds were returned to their nests immediately after-
wards. Since adults normally spent little time in their
burrow, it was not always possible to re-capture the
equipped bird after the first foraging trip; hence, more
than one trip might have been recorded for a given bird.
Nevertheless for all analyses, we only considered the
first trip of each bird.

1.3 Environmental data

It is well known that both chlorophyll a concentra-
tion and sea surface temperature affect marine phyto-
plankton productivity which in turn influences the
feeding behaviour of pelagic birds (Wakefield et al.,
2009). We chose to use the net primary production data
(standard VGPM) which is based on monthly MODIS-
aqua R2013.1 input data including sea surface tempera-
ture, chlorophyll, and photosynthetically active radia-
tion values (Behrenfeld and Falkowski, 1997). Net pri-
mary production data was downloaded from the Ocean
Productivity site (http://www.science.oregonstate.edu/
ocean.productivity/index.php) for a spatial resolution of
10 minutes (approx. 18 km).

To investigate sea productivity in an area that could
be potentially explored by breeding birds in a short time,
we drew a 60 km buffer around the different colonies in
accordance with Paiva et al. (2010c) and based on the

Colony Sampling date No. Long Long Trip Area Overlap No. weighed
year start end trips trips Kernel (kmq) chick

Linosa 2008 20-July 30-Aug 18 39% 45407 14% 4
Linosa 2009 17-July 11-Aug 28 14% 23624 31% 16
Linosa 2012 21-July 10-Aug 37 19% 50924 16% 28
Tuscan Arch. 2010 11-Aug 17-Aug 10 20% 15063 34% 9
Tuscan Arch. 2011 22-July 28-July 11 9% 9970 48% 5
La Maddalena Arch. 2013 17-July 30-July 32 6% 16606 6% 19
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median Euclidian distance reached during short trips (< 4
days, median=53.66 km, n=114). Since the two islets of
La Maddalena Archipelago were very close (7.13 km),
we drew only one buffer around the halfway point.
Mainland and islands were excluded from the buffer
areas. We then created a series of random points inside
the buffer areas with a fixed density of 0.01 points per
km® (113 for Linosa, 105 for Tuscan Archipelago, and
71 for La Maddalena). For each point we extracted the
value of net primary production corresponding to the
month during which the tracking study was carried out.
However, of the 620 total random points, only 605 were
actually associated with a primary production value due
to the characteristics of the VGPM raster. For Linosa,
we extracted the value of both July and August from the
three field seasons, and for each point, we calculated the
mean value of primary production between the two
monthly values. However, since trips were not recorded
uniformly throughout each season, the mean value of
each point was weighted for the proportion of departure
dates in the two months. Finally, we calculated the
mean value of net primary production for each field
season and colony, and we used this value for succes-
sive analyses.
1.4 Kernel analyses

Following previous experience from BirdLife Inter-
national partners (see Ramirez et al., 2008), we com-
puted kernel analyses using only GPS positions with an
instantaneous speed of less than 10 km/h. This threshold
has been used for shearwaters (for Scopoli’s shearwaters
see Cecere et al., 2012) to identify positions where birds
were actually using the environment for either resting,
searching for food, or diving and excluding positions
where the bird was travelling. We only computed the
kernel analysis for data from trips lasting more than 4
days in order to identify areas exploited by breeders
during long excursions. Kernels were computed with
the Home Range Tool 1.1 (Rodgers et al., 2007) for
ArcGis 9.3 (ESRI®) and using the 95% fixed kernel
density (Worton, 1989). To compare outcomes from
different colonies, we used the same scale to perform
fixed kernel analyses by using the same value of smoo-
thing parameter (bandwidth, /) for the calculation of
kernels for each field season. After inspecting several
possibilities, we chose the smoothing factor (A=10,000)
that computed 95% fixed kernel density which better
encompassed the GPS positions while keeping the
number of different polygons of a single kernel as low
as possible. Then, we calculated the percentage of its
area overlapping the 60 km-buffer around the colony for

each kernel. All spatial analyses have been performed
using Esri ArcGIS 9.3.
1.5 Statistical analyses

Since both the percentage of long lasting trips and
the area covered during long trips are both positively
related to the number of days from hatching (Cecere et
al., 2013), we corrected the two former variables by
calculating the residuals of the regressions with the ave-
rage Julian departure date (for simplicity, the number of
days from July 1%) of the tracked breeders in each field
season.

To investigate the different movement strategies dur-
ing short trips, we calculated a modified version of the
Tortuosity index (Lane, 1957). The original index reads
as T=L/C, where L is the total length of the path and C
is the distance between the ends of it. However, since
birds start and end their trip at the same point, we used
the index T=L/D, where D is the maximum Euclidean
distance from the colony reached by the bird during the
trip. To avoid problems due to the different duration of
trips, we considered only 1-day trips, which represent
61% of all short trips (66 out of 109).

We then calculated the Spearman correlation coeffi-
cient between the average primary productivity within
the 60 km-buffer around the colonies for each field sea-
son and the following variables: the proportion of long
lasting trips corrected for the average departure date, the
area of the 95% kernel of long trips corrected for the
average departure date, the percentage of the 95% ker-
nel of long trips overlapping the 60 km-buffer around
the colony, the average Euclidian distance from the co-
lony reached by birds during long trips (> 4 days), the
average distance from the colony reached during 1-day
trips, and the average Tortuosity index of 1-day trips.

To assess which factors affected the decision to per-
form a long trip at individual scale, we performed a
series of Generalized Linear Mixed Models (GLMM)
using the duration of the trip of each tracked bird as a
binomial dependent variable (0: 1-4 day long trip, 1: >
4 day long trip) and the average primary productivity
within the 60 km buffer during the corresponding field
season, the weight and sex of the breeder, and the
weight of the chick as independent variables. Since Ju-
lian date was highly correlated with the chick’s weight,
we did not consider the former variable as of lesser bi-
ological significance. Colony was first entered as a
random effect in the complete model, and it was com-
pared to the complete model without random factors
(Zuur et al., 2009). We then used AIC (Burnham and
Anderson, 2002) for model selection. The best per-
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forming models with AAIC < 6 (Richards, 2005) were
used to perform model averaging with the correspond-
ing Akaike weights (Burnham and Anderson, 2002).
Finally, at population scale, we used Generalized Li-
near Models (GLM) to investigate the relationships be-
tween the percentage of long lasting trips performed
during each season (corrected for the average departure
date of tracked breeders) and the weight of the chick
(corrected for departure date of the parent) and between
the corrected percentage of long lasting trips and the
weight and sex of each breeder, as well as, the interac-
tion between the two latter variables. All analyses were
performed in R ver. 2.15.3 (R Core Team 2012), with
the “lme4” package (Bates et al., 2012) for GLMMs and
the “MuMIn” package (Barton, 2013) for model avera-

ging.
2 Results

We recorded a total of a 136 tracks from as many
breeding birds (83 form Linosa, 21 form Tuscan Archi-
pelago, and 32 from La Maddalena Archipelago) (Fig.
1). The percentage of long trips (> 4 days) was higher
on average for Linosa birds and lower for La Maddale-
na Archipelago birds (Table 1). Shearwaters from Lino-
sa covered larger areas during their long trips (kernel
95%) that had a 20% average overlap with the 60
km-buffer around the colony. On the contrary, shearwa-
ters from the Tuscan Archipelago covered the smallest
areas with a 41% average overlap (Table 1). The smal-
lest overlap (6%) was recorded for La Maddalena birds
but was based on only two long trips. The number of
weighed offspring was lower than that of tracked bree-
ders, since not every burrow allowed us to catch the chick
(Table 1). Additionally, the sample in 2008 was particu-

8001

D ~
(= (=3
(=] (=]

T T

5001
4007
300 |

2007 I?I

Primary production (mg C/m*day)

—

(=

(=]
T

larly smaller than tracked breeders since we weighed most
of the chicks several days after GPS deployment on
adults, but we didn’t consider these data for the analyses.
2.1 Foraging strategies vs primary productivity

Primary productivity was significantly different
among field seasons (ANOVA, F = 287.59,df =5, P <
0.0001). The post-hoc Tukey test showed statistically
significant differences between all pair-wise compari-
sons except between the La Maddalena Archipelago and
the Tuscan Archipelago in 2010 and between Linosa in
2009 and 2012. The area surrounding the Linosa colony
was characterized by lower average values of primary
production (Fig. 2).

The residuals from the regression between the per-
centage of long lasting trips (as well as the area size
covered during long trips) and the average bird depar-
ture date during each field season were both negatively
correlated with average primary productivity (% long
trips: Fspearman= -0.83, P = 0.04, n = 6; Kernel 95% long
trips: 7spearman = -0.94, P = 0.005, n = 6) (Fig. 3A, B).
The overlap between the 95% kernels and the 60 km-
buffer around the colony was positively related to pri-
mary productivity, but the relation was not significant
(Pspearman = 0.66, P = 0.16, n = 6) likely due to the small
sample size (6 points) and the La Maddalena Archipe-
lago outlier (Fig. 3C). The average Euclidian distance
from the colony reached by birds during long trips in
each season was negatively related to the primary pro-
ductivity of the colony surrounding area but non-signi-
ficant (Fypearman = -0.60, P = 0.21, n = 6) likely for the
same reasons (Fig. 3D). On the contrary, there was no
relationship between the average distance from the co-
lony reached during the shortest trips (1 day) and pri-
mary productivity (#spearman = 0.03, P = 0.96, n = 6), but
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Fig. 2 Boxplots (median, interquartile range, and min-max values) of average primary productivity within the 60 km buf-

fer around the three colonies during the six field seasons
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the average tortuosity index of 1-day trips was signifi-
cantly higher with higher primary productivity around
the colony (7spearman = 0.94, P =0.005, n = 6) (Fig. 3E, F).
2.2 Factors affecting the decision to perform long
lasting trips

In regards to the models performed at individual
scale with the binomial trip duration (short/long) as de-
pendent variable and all the considered fixed factors,
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the one including colony as random effect showed a
better fit than the model without it (AAIC = 8.05);
therefore the former random structure was selected for
the successive analyses. Four models showed a AAIC <
6 (Table 2). Averaged coefficient estimates showed that
the decision to perform long trips depended on lower
values of primary productivity around the colony and a
greater weight of the offspring (Table 3).
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Fig. 3 Relationship between the average primary productivity within the 60 km-buffer around the colony and (A) the
proportion of long lasting trips corrected for the average departure date, (B) the area of the 95 % kernel of long trips cor-
rected for the average departure date, (C) the percentage of the 95% kernel of long trips overlapping the 60 km-buffer
around the colony, (D) the average Euclidian distance from the colony reached by birds during long trips, (E) the average

distance from the colony reached during 1-day trips, and (F) the average tortuosity index of 1-day trips
Circles: Linosa colony; squares: Tuscan Archipelago; triangle: La Maddalena Archipelago.

Table 2 Logistic GLMMs performed with the kind of trip (Short/Long) for each tracked breeding bird

Model (Short/Long trip) AIC AAIC wi
1 Sex + Weight chick + PrimProd + (1 | Colony) 58.96 0.00 0.41
2 Weight + Weight chick + PrimProd + (1 | Colony) 59.77 0.82 0.27
3 Weight + Sex + Weight chick + PrimProd + (1 | Colony) 60.77 1.82 0.16
4 Weight chick + PrimProd + (1 | Colony) 60.88 1.93 0.16

Weight: body mass (gr) of the breeder; Sex: gender of the breeder; Weight chick: body mass of the chick at the departure of the parent; PrimProd:

average net primary productivity (mg C m™day™) within the buffer surrounding the colony in the tracking season. Colony, in brackets, was entered

as random effect. All models with AAIC < 6 are showed.
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Table 3 Model averaging for the kind of trip (Short/Long)
of each tracked bird

Coeff. estimate z value P
Intercept 4.46+497 0.90 0.37
Weight_chick 0.58 x 102+ 0.25 x 102 231 0.021
PrimProd -0.22 x 10" +£0.84 x 107 2.65 0.008
Sex 137+091 1.50 0.13
Weight -0.90 x 102+ 0.92 x 107 0.98 0.33

The averaged parameter estimates of all variables included in the
models with AAIC < 6 (Richards 2005) are weighed with the corres-
ponding Akaike weight. Names of variables as in Table 2. Significant
p-values are in bold

2.3 Effects of adopting dual foraging strategy

At population scale, despite a slightly negative ten-
dency, there was no significant relationship between the
weight of the chick and the percentage of long lasting
trips performed during each season (both corrected for
the departure date of each breeder) (F = 0.77, /> = 0.01,
df =80, P=0.38) (Fig. 4A). On the contrary, the weight
of the breeders of both sexes was negatively related to
the percentage of long lasting trips corrected for the
departure date, but there was no significant interaction
between this latter variable and sex (F = 44.19, r? =
0.51, df = 132, P < 0.001; % long trips: F = 6.22, P =
0.01; sex: F = 125.29, P < 0.0001; % long trips*sex: F
=1.07, P =0.30) (Fig. 4B).

3 Discussion

During the breeding season, many procellariform
populations alternate short trips for chick provisioning
with long lasting trips mainly performed for self-provi-
sioning (Weimerskirch et al., 1994; Weimerskirch, 1998;
Congdon et al., 2005; Magalhdes et al., 2008). We in-
vestigated factors affecting the movement ecology of
Scopoli’s shearwaters breeding in three different Medi-
terranean colonies during chick-rearing, and we showed
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that the proportion of long lasting trips within a chick-
rearing season was higher when the area surrounding
the colony was characterized by lower values of pri-
mary production. Moreover, we showed that the deci-
sion to perform a long trip during the course of a breed-
ing season depended both on the marine productivity
around the colony and the offspring’s body mass. At the
same time, the adoption of the dual foraging strategy
over all the breeding season was associated with lower
parental body mass.

In accordance with a previous study on Manx shear-
waters (Riou et al., 2011), we found that habitat quality
is a key factor for the dual foraging strategy. Linosa was
the colony characterized by lower values of marine
primary production, and birds from this colony were the
ones which performed the highest proportion of long
lasting trips. This became clearer when considering the
effect of the departure date, since it was demonstrated
that the proportion of long trips performed by Scopoli’s
shearwaters increases as the chick-rearing season pro-
ceeds (Cecere et al., 2013). Similarly to what happens to
Cory’s shearwater in the Atlantic Ocean (Paiva et al.,
2010c), the percentage of long trips corrected for the
study period decrease with increasing primary produc-
tivity around the breeding site. While performing long
lasting trips, Scopoli’s shearwaters forage farthest from
the colony, and they exploit larger areas (Cecere et al.,
2013). But in addition, our data showed that with a
lower quality of the habitat surrounding the colony,
breeders used long lasting trips to exploit areas that are
larger, located at a greater distance from the nests, and
have a smaller overlap with the area nearby the colony.
Flexibility in movement behavior may be crucial for
seabirds to access food resources (Wilson et al., 2005;
Hammer et al., 2007), and shearwaters have a good
ability to change their search strategy when faced with
biological and ecological constraints (Focardi and
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Fig. 4 Relationship between the proportion of long lasting trips corrected for the average departure date and (A) the
weight of the chicks corrected for the weighing date and (B) the weight of the tracked breeders

Black dots: males; empty circles: females.
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Cecere, 2014). At the short trip scale, birds performed
more tortuous paths when ranging in habitat characte-
rized by higher values of primary production, which is
likely a consequence of active food searching. This evi-
dence highlights the influence of habitat quality around
the breeding site on the movement ecology of Scopoli’s
shearwaters even at a small spatial scale. The spatial
match between marine productivity and seabird distri-
bution is well demonstrated by several studies (e.g.,
Grémillet et al., 2008). Despite seabirds do not feed on
phytoplankton, many studies showed that marine eco-
systems are controlled via bottom-up processes (Frank
et al.,, 2007) and the lowest trophic level of a marine
food web can match with the highest (Grémillet et al.,
2008).

Contrary to Weimerskirch (1998), we did not find
any evidence that the decision to perform a long trip
depends on the adult body mass. Besides habitat quality,
we found that long trips of breeding individuals were
triggered when chicks had a higher weight, similarly to
what Ochi et al. (2010) found for the con-generic
Streaked shearwater. Usually in birds, long fasting pe-
riods during the first days after hatching may cause de-
trimental effects on intestine development and a serious
delay in chick growth, while it is less serious at later
times (Geyra et al., 2001). Our results suggest that until
the chick is at first growth stage, or it is found in poor
condition, it is fed frequently inducing parents to ignore
their own condition. The increasing body mass of the
chick may allow parents to perform long trips for
self-provisioning. This is of course the situation which
happens when the colony is surrounded by low habitat
quality, otherwise breeding birds can take on food for
both themselves and offspring performing short trips.

The evidence that the proportion of long trips among
field seasons was related to habitat quality suggests that,
if possible, shearwaters prefer to forage nearby the colo-
ny, and in accordance to Magalhdes et al. (2008) we did
not find any negative effects on offspring growth. Nev-
ertheless, we can not exclude a negative consequence
on parent fitness. Despite the weight of the parent did
not influence the decision to perform a long trip, our
results showed that a breeding season characterized by a
marked dual foraging strategy is associated with a lower
body mass of the breeders at population scale. Parents
may be forced to fast for several days during successive
short trips and then to cover great distances to restore
energy reserves. Despite the fact that long lasting trips
allow shearwaters belonging to different populations to
exploit much more profitable areas (Paiva et al., 2010a;

Cecere et al., 2013), our data showed that the higher
proportion of long trips performed by birds breeding in
poor areas was not sufficient to maintain the same body
mass as the ones breeding in richer areas. To the best of
our knowledge, this is the first study which analyzes the
effect of adopting the dual foraging strategy on breeding
seabirds. However, further studies are necessary to bet-
ter analyze potential physiological costs on breeders or
carry-over effects from the alternation of short and long
lasting trips during chick-rearing on the non-breeding
behaviour and on the breeding success in the following
season (Catry et al., 2013).

Acknowledgments A special thank to C. Catoni, I. Maggini,
M. Cianchetti-Benedetti, G. Dell’Omo, A. Mazzoleni, P. Ge-
raldes, and all volunteers for their help during the fieldwork.
Many thanks to Claudio Celada from LIPU-BirdLife Italy for
promoting the conservation aspect of the research project. We
are grateful to B. Massa and D. Pisu who introduced us re-
spectively to Linosa island and to the La Maddalena Archi-
pelago. We thank F. Giannini, N. Baccetti, P. Sposimo, 1. Corsi,
N. Maggi, and the other members of COT (Tuscanian Orni-
thological Center) who worked with us at La Scola. Many
thanks to Kelsey Horvath for proof-reading. The Italian Min-
istry of Environment funded the “Marine IBAs project” in
2008 triggering the study on Scopoli’s Shearwater by using
GPS. Very special thanks to David Lingard and LIPU-UK
which funded all the field seasons form 2009 to 2013. Activi-
ties carried out at La Scola were also funded by the National
Park of Tuscan Archipelago through the COREM project
“Cooperazione delle reti ecologiche nel Mediterraneo”.

References

Ashmole NP, 1963. The regulation of numbers of tropical oceanic
birds. Ibis 103: 458-473.

Baccetti N, Capizzi D, Corbi F, Massa B, Nissardi S et al., 2009.
Breeding shearwaters on Italian islands: Population size, island
selection and co-existence with their main alien predator, the
black rat. Riv. Ital. Orn. 78: 83—100.

Barton K, 2013. MuMIn: Multi-model inference. R package ver-
sion 1.9.13. http://CRAN.R-project.org/package=MuMIn

Bates D, Maechler M, Bolker B, 2012. lme4: Linear mixed-
effects models using S4 classes. R package version 0.999999-0.
http://CRAN.R-project.org/package=Ime4

Boersma PD, Parrish JK, 1998. Flexible growth rates in fork-
tailed storm-petrels: A response to environmental variability.
Auk 115: 67-75.

Burnham KP, Anderson DR, 2002. Model selection and multimo-
del inference: A practical information-theoretic approach. 2™
edn. Nuw York: Springer-Verlag.

Catry P, Dias MP, Phillips R, Granadeiro JP, 2013. Carry-over
effects from breeding modulate the annual cycle of a long-
distance migrant: An experimental demonstration. Ecology 94:
1230-1235.

Cecere JG, Catoni C, Maggini I, Imperio S, Gaibani G, 2013.



630 Current Zoology

Vol. 60 No. 5

Movement patterns and habitat use during incubation and
chick-rearing of Cory’s shearwaters from central Mediterra-
nean: Influence of seascape and breeding stage. It. J. Zool. 80:
82-89.

Cecere JG, Gaibani G, Catoni C, Maggini I, Celada C, 2012. As-
sessing key conservation areas for Italian Scopolis’shearwaters
Calonectris diomedea to identify marine IBAs. In: Yésou P,
Baccetti N, Sultana J ed. Ecology and Conservation of Medi-
terranean Seabirds and Other Bird Species under the Barcelona
Convention. Proceedings of the 13" Medmaravis Pan-medi-
terranean Symposium. Alghero: MedMaravis, 9-15.

Congdon BC, Krockenberger AK, Smithers BV, 2005. Dual fo-
raging and co-ordinated provisioning in a tropical Procellari-
form, the wedge-tailed shearwater. Mar. Ecol. Prog. Ser. 301:
293-301.

Geyra A, Uni Z, Sklan D, 2001. The effect of fasting at different
ages on growth and tissue dynamics in the small intestine of
the young chick. Br. J. Nutrit. 86: 53-61.

Granadeiro J, Nunes M, Silva MC, Furness RW, 1998. Flexible
foraging strategy of Cory’s shearwater Calonectris diomedea
during the chick-rearing period. Anim. Behav. 56: 1169-1176.

Focardi S, Cecere JG, 2014. The Lévy flight foraging in a pelagic
seabird. J. Anim. Ecol. 83: 353-364.

Grémillet D, Lewis S, Drapeau L, van Der Lingen CD, Huggett
JA et al., 2008. Spatial match-mismatch in the Benguela up-
welling zone: Should we expect chlorophyll and sea-surface
temperature to predict marine predator distributions? J. Appl.
Ecol. 45: 610-621.

Lack D, 1968. Ecological Adaptations for Breeding in Birds.
London: Metheun.

Lane EW, 1957. A Study of the Shape of Channels formed by
Natural Stream Flowing in Erodible Material. Omaha: Army
Corps of Engineers, Missouri River Division.

Hamer KC, Humphreys EM, Garthe S, Hennicke J, Hennicke J et
al., 2007. Annual variation in diets, feeding locations and fo-
raging behaviour of gannets in the North Sea: Flexibility, con-
sistency and constraint. Mar. Ecol. Prog. Ser. 338: 295-305.

Magalhaes MC, Santos RS, Hamer KC, 2008. Dual-foraging of
Cory’s shearwater in the Azores: Feeling locations, behaviour
at sea and implication for food provisioning of chicks. Mar.
Ecol. Prog. Ser. 359: 283-293.

Matthiopoulos J, 2003. The use of space by animals as a function
of accessibility and preference. Ecol. Model. 159: 239-268.
Navarro J, Gonzalez-Solis J, 2009. Environmental determinants of
foraging strategies in Cory’s shearwaters Calonectris diome-

dea. Mar. Ecol. Prog. Ser. 378: 259-267.

Orians GH, Pearson NE, 1979. On the theory of central place
foraging. In: Horn DJ, Stairs GR, Mitchelle RG ed. Analysis of
Ecological System. Columbus: Ohio State University Press,

154-1717.

Ochi D, Oka N, Watanuki Y, 2010. Foraging trip decisions by the
streaked shearwater Calonectris leucomelas depend on both
parental and chick state. J. Ethol. 28: 313-321.

Paiva VH, Geraldes P, Ramirez I, Merinho A, Garthe S et al.,
2010a. Oceanographic characteristics of areas used by Cory’s
shearwater during short and long foraging trips in the North
Atlantic. Mar. Biol. 157: 1385-1399.

Paiva VH, Geraldes P, Ramirez I, Garthe S, Ramos JA, 2010b.
How area restricted search of a pelagic seabird changes while
performing a dual foraging strategy. Oikos 119: 1423-1434.

Paiva VH, Geraldes P, Ramirez I, Merinho A, Garthe S et al.,
2010c. Foraging plasticity in a pelagic seabird species along a
marine productivity gradient. Mar. Ecol. Prog. Ser. 398: 259—
274.

Passos C, Navarro J, Giudici A, Gonzalez-Solis J, 2010. Effects of
extra mass on the pelagic behavior of a seabird. Auk 127: 100—
107.

Phillips R, Silk J, Croxall J, Afanasyev V, Briggs D, 2004. Accu-
racy of geolocation estimates for flying seabirds. Mar. Ecol.
Prog. Ser. 266: 265—-272.

Ramirez I, Geraldes P, Merinho A, Amorim P, Paiva VH, 2008.
Areas Marinhas Importantes para as Aves em Portugal. Pro-
jecto LIFEO4NAT/PT/000213. Lisbon: Sociedade Portuguesa
Para o Estudio das Aves.

Richards SA, 2005. Testing ecological theory using the informa-
tion theoretic approach: examples and cautionary results.
Ecology 86: 2805-2814.

Ricklefs RE, 1983. Some considerations on the reproductive ener-
getics of pelagic seabirds. Stud. Avian Biol. 8: 84-94.

Ricklefs RE, Day C, Huntington C, Williams J, 1985. Variability
in feeding rate and meal size of Leach’s storm-petrel at Kent
Island, New Brunswick. J. Anim. Ecol. 54: 883-898.

Riou S, Gray CM, Brooke MD, Quillfeldt P, Masello JF et al.,
2011. Recent impacts of anthropogenic climate change on a
higher marine predator in western Britain Mar. Ecol. Prog. Ser.
422:105-112.

Wilson RP, Scolaro JA, Grémillet D, Kierspel MAM, Laurent S et
al., 2005. How do magellanic penguins cope with variability in
their access to prey? Ecol. Monogr. 75: 379-401.

Weimerskirch H, 1998. How can a pelagic seabird provision its
chick when relying on a distant food resource? Cyclic atten-
dance at the colony, foraging decision and body condition in
sooty shearwater. J. Anim. Ecol 67: 99-109.

Weimerskirch H, Chastel O, Ackermann L, Chaurand T, Cuenot-
Chaillet F et al., 1994. Alternate long and short foraging trips
in pelagic seabird parents. Anim. Behav. 47: 472-476.

Zuur AF, Ieno EN, Smith GM, 2007. Analysing Ecological Data.
New York: Springer Series. Statistics for Biology and Health.



